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I.  RESEARCH  OBJECTIVES 

Current  ability  to  transfer  engineering  data,  on  rocket  chamber  and  plume 
combustion,  from  present  to  advanced  propulsion  systems  is  hampered  by  a  lack 
of  understanding  and  knowledge  of  individual  A1  and  B  species  reactions  and  the 
ways  by  which  temperature  affects  the  reaction  rate  coefficients.  The  Arrhenius 
equation  k(T)  =  A  exp(-E/RT)  has  over  limited  temperature  ranges  been  of  great 
value.  However,  over  the  large  temperature  ranges  of  interest  to  rocket 
propulsion  systems,  order  of  magnitude  errors  can  be  made  by  extrapolations 
based  on  it,  particularly  for  exothermic  and  slightly  endothermic  reactions.* 

Other  k(T)  expressions  and  current  theory  are  inadequate  to  predict  or  describe 
the  observations  made  thus  far  for  reactions  of  metallic  propellant  species. 

The  goals  of  the  work  reported  have  been  to  provide/  through  accurate 

measurements,  ^reliable  data  on,  and  improved  insight  into,  the  kinetic  behavior  of 

At  and  ^  atom,  monohalide  and  monoxide  radical  oxidation  reactions,  as 
/ 

influenced  by  temperature.  The  measurements  have  been  made  using  the  HTFFR 
(high-temperature  fast-flow  reactor)  technique.  HTFFRs  are  unique  tools,  which 
provide  measurements  on  isolated  elementary  reactions  in  a  heat  bath.  With 
traditional  high-temperature  techniques,  such  as  flames  and  shock  tubes,  such 
isolation  is  usually  impossible  to  achieve;  as  a  result,  data  on  any  given  reaction 
depend  on  the  knowledge  of  other  reactions  occurring  simultaneously,  leading  to 
large  uncertainties.  |;  HTFFRs  allow  kinetic  studies  from  room  temperature  up  to 
about  1900  K  to  provide  wide  range  k(T)  (temperature-dependent  rate 
coefficient)  data.  In  the  work  reported,  laser-induced  fluorescence  LIF  has  been 
used  to  monitor  the  metallic  atom  or  radical  reactant  concentrations,  as  a  function 


*A  Fontijn  and  R.  Zellner,  "Influence  of  Temperature  on  Rate  Coefficients  of  Bimolecular 
Reactions,"  Reactions  of  Small  Transient  Species.  Kinetics  and  Energetics.  A.  Fontijn  and 
M.A.A.  Clyne,  Eds.,  (Academic  Press,  London,  1983),  Chap.  1. 
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of  time,  concentration  of  the  molecular  oxidant  (present  in  excess),  temperature 

/* 

and  pressure.  ,  ' 

Most  tri-atomic  products  of  the  oxidation  reactions  of  the  monoxides  and 
monohalides  have  no  identified  electronic  transition  spectra  and  cannot  be 
detected  by  LIF.  To  unambiguously  establish  the  kinetics  of  reactions  involving 
these  tri-atomics  and  ultimately  to  develop  a  good  understanding  of  the  reactions 
leading  to  the  final  combustion  products,  AI2O3  and  B2O3,  we  have  under  the 
present  grant  constructed  an  HTFFR  with  mass  spectrometer  detection. 
Measurements  with  this  new  facility  are  to  performed  under  a  follow-up  grant. 

These  general  objectives  and  a  systematic  of  the  experimental  facilities  are 
illustrated  in  Fig.  1. 


II.  RESULTS 

In  Fig.  2  our  rate  coefficient  measurements  for  A1  system  reactions  are 
summarized.  In  Fig.  3  we  summarize  the  first  results  on  B  system  (thus  far  BCl) 
reactions.  Some  of  these  studies  preceded  the  present  grant.  Those  that  were 
made  and  published  under  this  grant  are  listed  in  Section  II. A..  In  Section  II. B. 
we  discuss  the  results  that  are  in  the  process  of  being  written  up  or  are  being 
completed  under  the  follow-up  grant,  while  in  Section  II. C.  we  make  a  few 
additional  remarks  about  the  implications  of  our  findings. 

A.  Cumulative  Chronological  List  of  Publications 


1.  D.F.  Rogowski  and  A.  Fontijn,  "An  HTFFR  Kinetics  Study  of  the  Reaction 
Between  AlCl  and  O2  from  490  to  1750  K",  Twentv-first  Symposium 
(International)  on  Combustion.  The  Combustion  Institute,  Pittsburgh, 
1986,  pp.  943-952. 

2.  D.F.  Rogowski  and  A.  Fontijn,  "An  HTFFR  Kinetics  Study  of  the  Reaction 
Between  AlCl  and  CO2  from  1175  to  1775  K",  Chemical  Physics  Letters, 
132.  413-416  (1986). 
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Figure  i 

AIR  FORCE  BASIC  RESEARCH 

SCIENTIFIC  APPROACH 


PROBLEM 

•  CURRENT  MODELS  OF  B  AND  At  COMBUSTION 
IN  ROCKET  MOTORS  AND  EXHAUSTS  LACK 
RELIABLE  CHEMICAL  KINETIC  INPUT  DATA. 

WHICH  HAMPERS  DEVELOPMENT  OF 
ADVANCED  SYSTEMS  . 

GOALS 

•  OBTAIN  KINETIC  DATA  OVER  THE  300-1,900  K  RANGE. 
CHANGING  MECHANISMS  AND  NON-ARRHENIUS 
BEHAVIOR  PRECLUDE  EXTRAPOLATION  FROM 
NARROW  TEMPERATURE  INTERVALS. 


••  ESTABLISH  AND  UNDERSTAND  THE  KINETICS  OF 
B  AND  At  SPECIES  COMBUSTION  REACTIONS 
IMPORTANT  TO  ADVANCED  PROPULSION  SYSTEMS- 

TECHNIQUE 

•  HIGH  TEMPERATURE  FAST- FLOW  REACTOR 
WITH  LASER-INDUCED  FLUORESCENCE  AND 
MASS  SPECTROMETRIC  DETECTION. 


REACTION  LENGTH  =  REACTION  TIME 
OPTICAL  PORTS  FOR  LASER  FLUORESCENCE 

MASS  spectrometer  sampling  cone 


•  RESULTS  OBTAINED  THUS  FAR  HAVE  ESTABLISHED 
THE  RELIABILITY  OF  THE  HTFFR  TECHNIQUE  . 
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Figure  2 

AIR  FORCE  BASIC  RESEARCH 

ACHIEVEMENT 

T,  K 


2000  1000  500  400 


•  EXTENSIVE  SET  OF  Af-DATA  NOW  PREPARED 
FOR  USE  IN  DEVELOPMENT  OF  ADVANCED 
SYSTEMS. 

•  ESTABLISHED  THAT  CURRENT  CHEMICAL 
KINETIC  THEORIES  ARE  INADEQUATE  FOR 
PREDICTIONS  ON  A(  REACTIONS. 


Figure  3 

AIR  FORCE  BASIC  RESEARCH 
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•  MEASUREMENTS  ON  B-SPECIES  HAVE  BEGUN. 
ALLOW  COMPARISON  TO  Af  -SPECIES 
REACTIONS. 
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3.  D.F.  Rogowski  and  A.  Fontijn,  "The  Radiative  Lifetime  of  AlCl  AUI", 
Chemical  Physics  Letters,  121,  219-222  (1987). 

4.  A.G.  Slavejkov,  D.F.  Rogowski  and  A.  Fontijn,  "An  HTFFR  Kinetics  Study 
of  the  Reaction  Between  BCl  and  O2  from  540  to  1670  K",  Chemical 
Physics  Letters.  143.  26-30  (1988). 

5.  D.F.  Rogowski,  P.  Marshall  and  A.  Fontijn,  "High-Temperature  Fast- 
Flow  Reactor  (HTFFR)  Kinetics  Studies  of  the  Reactions  of  A1  with  CI2, 
A1  with  HCl  and  AlCl  with  CI2  Over  Wide  Temperature  Ranges",  The 
Journal  of  Physical  Chemistry,  in  press. 

These  publications  are  appended  to  this  final  report. 


B.  Partially  Completed  Studies 

1.  A.G.  Slavejkov,  C.T.  Stanton  and  A.  Fontijn,  "High-Temperature  Fast- 
Flow  Reactor  (HTFFR)  Kinetics  Studies  of  the  Reactions  of  AlO  with  CI2  and  HCl 
Over  Wide  Temperature  Ranges,  The  Journal  of  Physical  Chemistry,  in 
preparation. 

The  studies  of  these  two  reactions  complete  those  of  the  k(T)  for  the  Al/O/Cl 
reaction  system,  compare  Fig.  2.  The  following  results  were  obtained  (all  rate 
coefficients  given  in  this  report  are  in  cm3  molecule" ^  s"’  units); 

AlO CI2 OAICI -t- Cl  k(460  to  1160  K)  =  3.0  x  lO-iO  exp(-1250  K/T) 

AlO HCl  ^ OAICI -t- H  k(440  to  1590  K)  =  5.6  x  lO-l^  exp(-140  KA') 


The  rather  small  activation  energy  for  the  CI2  reaction  and  the  near-negligible 
activation  energy  for  the  HCl  reaction  offer  an  interesting  contrast  to  the  OAICI 
formation  reactions  from  AlCl.  There  we  obtained  (see  Appendices  1  and  2); 


AICI2  OAlCl  -I-  O, 
AIO2  -I-  Cl 


k(490  to  1750  K)  =  1.3  x  10-12  exp(-3400  K^)  + 

3.4  X  10-9  exp(-1600  K/T) 


AlCl -t-C02->  OAICI  +  CO 


k(1175  to  1775  K)  =  2.5  x  10-12  exp(-7550  K/T) 
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Apparently  a  large  barrier  exists  in  the  formation  of  OAICI  coming  from  the  AlCl- 
side,  but  not  from  the  AlO-side.  The  reason  for  this  is  likely  to  be  that  AlO  has  an 
unpaired  electron  in  its  doublet  ground  state,  whereas  AlCl  is  a  singlet  species, 
which  has  to  undergo  a  spin  flip  during  reaction.  Finally,  it  should  be  remarked 
that  since  OAlCl  is  not  a  radical,  but  an  (unstable)  molecule  with  no  free  valences, 
it  is  likely  to  be  a  bottleneck  in  the  complete  combustion  of  A1  in  perchlorate 
propellants,  similar  to  the  role  of  HOBO  in  boron  combustion. 

2.  BCI/CO2  Manuscript  not  yet  begun. 

The  following  result  was  obtained: 

BC1  +  C02-^0BC1  +  C0  k(770  to  1830  K)  =  1.8  x  10->3  t5.6  exp(-1190  K^') 

This  is  the  first  reaction  involving  a  B  or  A1  species,  in  which  there  is  on 
thermochemical  grounds  only  one  possible  product  channel,  for  which  the  type  of 
curvature  in  Arrhenius  plots  normally  seen  in  hydrocarbon  oxidation  reactions, 
has  been  observed.  That  type  of  curvature  is  best  described  by  a  three- 
parameter  fit  expression  of  the  form  k(T)  =  aTb  exp(-c/T),  as  given  here. 

However,  the  value  of  b  =  5.6  is  larger  than  simple  transition  state  theory  (TST) 
would  predict.  The  fact  that  chemically  B  is  more  a  metalloid  than  a  metal 
(notwithstanding  its  potential  use  as  a  "metal"  in  metallized  propellants),  may 
bear  on  this  behavioral  similarity  to  hydrocarbon  reactions.  However,  this  result, 
also  has  a  possible  parallel  to  our  findings  for  the  AlCl  +  O2  reaction  (Appendix  1). 
There  we  found  that  k(T)  could  be  expressed  equally  well  by  the  double¬ 
exponential  expression,  given  above,  as  by  k(T)  =  5.6  x  10‘28  t^.57  exp(308  K/T). 
As  that  reaction  has  two  thermochemically  accessible  product  channels,  and  the  b 
=  4.57  value  is  again  a  high  one,  we  favored  the  two-channel  double  exponential 
explanation.  However,  the  BCl  -1-  CO2  result  makes  the  single  channel  three- 
parameter  interpretation  more  probable  than  before.  The  mass  spectrometric 
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product  analysis  of  the  AlCl  +  O2  reaction  will  have  to  decide  between  the  two 
possibilities. 

C  Some  General  Observations 

The  work  of  Fig.  3  is  expected  to  be  the  beginning  of  an  extensive 
comparison  between  B  and  A1  species  reactions.  The  differences  in  curvature  in 
the  Arrhenius  plots  and  the  magnitude  of  the  rate  coefficients  suggest  that  it 
would  be  imprudent  to  make  quantitative  predictions  from  one  set  of  reactions  to 
the  other,  notwithstanding  the  position  of  B  and  A1  in  the  same  column  of  the 
periodic  table.  Ultimately  a  B-equivalent  of  the  Al-reaction  set  shown  in  Fig.  2 
should  be  prepared. 

As  a  practical  point  it  may  be  noted  from  Fig.  3  that  the  BCl  +  O2  reaction  is, 
in  the  temperature  region  observed,  significantly  faster  than  the  AlCl  +  O2 
reaction.  However  if  the  trends  continue  the  AlCl  reaction  should  be  faster  above 
2300  K.  This  is  in  contrast  to  the  CO2  reactions  where  the  present  data  and  the 
extrapolations  of  the  k(T)  expressions  indicate  the  BCl  reaction  to  be  faster  at  all 
temperatures. 

In  the  course  of  this  work  several  attempts  have  been  made  to  use  existing 
theories  to  try  to  fit  our  data,  most  extensively  this  has  been  done  in  Appendix  5, 
for  the  A1  +  CI2,  A1  +  HCl  and  AlCl  +  CI2  reactions,  and  in  the  paper  in  progress  on 
the  AlO  reactions  with  CI2  and  HCl.  We  found  TST  no  help  in  predicting  or 
describing  the  trends.  While  an  electron  jump  mechanism  gave  good  agreement 
with  the  data  at  midrange  for  the  A1  +  CI2  and  AlO  +  CI2  reactions  (the  latter  may 
be  fortuitous),  it  cannot  predict  temperature  dependences.  To  obtain  better 
predictive  abilities,  theory  will  have  to  be  developed.  We  are  trying  to  interest 
theoreticians  in  doing  so.  For  A1  reactions  we  have  now  provided  a  data  base  for 
them  to  use.  Finally,  molecular  beam  studies  of  the  reaction  dynamics  should 
usefully  complement  our  efforts.  The  group  of  Dorthe,  Costes  and  Naulin  at 
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Bordeaux  have  made  a  beginning  with  this.**  Dr.  Fontijn  just  finished  a  three- 
month  visit  to  their  laboratory,  during  which  plans  for  future  coordination  of 
work  were  made. 


III.  PROFESSIONAL  PERSONNEL 

Donald  F.  Rogowski  and  Alexander  G.  Slavejkov  performed  the  experimental 
work  discussed  in  Section  II.  The  former,  in  February  1988,  successfully 
defended  his  Ph.D.  thesis  entitled  "Gas-Phase  Kinetics  Studies  of  Reactions  of  Al, 
AlCl,  and  AlO  with  CI2,  HCl,  O2  and  CO2  in  a  High-Temperature  Fast-Flow  Reactor" 
based  on  the  AFOSR  work.  Mr.  Slavejkov's  Ph.D.  is  scheduled  for  1990.  Dr.  Paul 
Marshall  and  Dr.  Clyde  T.  Stanton,  postdoctoral  fellows,  have  participated  in  the 
theoretical  interpretation  of  the  results.  The  latter,  whose  salary  has  been  funded 
entirely  by  NRL/ONR  under  a  training  arrangement,  has  spent  most  of  the  final 
nine  months  of  the  grant  working  on  getting  the  mass-spectrometer  HTFFR 
system  operational,  a  process  nearing  completion.  This  system  was  largely 
constructed  earlier  in  the  grant  period  by  David  A.  Stachelczyk  and  William  F. 
Flaherty,  who  is  continuing  work  with  it. 

IV.  PRESENTATIONS  AND  OTHER  INTERACTIONS 

We  presented  papers  and  seminars  in  which  results  of  our  AFOSR- 
sponsored  work  were  discussed,  at  the: 

1.  Department  of  Chemistry,  University  of  Toronto,  Toronto,  Ont.  (May  1986). 

2.  McDonnell  Douglas  Research  Laboratories,  St.  Louis,  MO  (May  1986). 

3.  AFOSR/ONR  Contractors  Meeting  on  Combustion,  Stanford  University, 

Stanford,  CA  (June  1986). 
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M.  Costes,  C.  Naulin,  G.  Dorthe,  C.  Vaucamps  and  G.  Nouchi,  "Dynamics  of  the  Reactions  of 
Aluminium  Atoms  Studied  with  Pulsed  Crossed  Supersonic  Molecular  Beams",  Faraday 
Discuss.  Chem.  Soc.,  M.  75  (1987). 
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4.  Twenty-First  International  Symposium  on  Combustion,  Munich,  W.  Germany 
(August  1986). 

5.  Departments  of  Chemical  Physics  and  Chemical  Kinetics,  S.R.I.  International, 
Menlo  Park,  CA  (October,  1986). 

6.  Department  of  Applied  Mechanics  and  Engineering  Sciences,  University  of 
California  at  San  Diego,  La  Jolla,  CA  (October  1986). 

7.  Army  Ballistic  Research  Laboratory,  Aberdeen  Proving  Ground,  MD  (May 

1987) . 

8.  Naval  Research  Laboratory,  Washington,  DC  (May  1987). 

9.  AFOSR/ONR  Contractors  Meeting  on  Combustion  and  Rocket  Propulsion, 
Pennsylvania  State  University,  University  Park,  PA  (June  1987). 

10.  Eighteenth  Symposium  on  Free  Radicals,  Oxford,  England  (September  1987). 

1 1 .  Chemical  Thermodynamics  Division,  National  Bureau  of  Standards, 
Gaithersburg,  MD  (November  1987), 

12.  American  Institute  of  Chemical  Engineers,  Annual  Meeting,  New  York  City, 
NY  (November  1987). 

13.  Departments  of  Chemistry  and  Chemical  Engineering,  Illinois  Institute  of 
Technology,  Chicago,  IL  (March  1988). 

14.  Chemistry  Division,  Argonne  National  Laboratory,  Argonne,  IL  (March 

1988) . 

15.  School  of  Mechanical  Engineering,  Purdue  University,  West  Lafayette,  IN 
(March  1988). 

16.  Department  of  Chemistry,  University  of  Denver,  Denver,  CO  (March  1988). 

17.  JANNAF  Panel  Meeting  on  Kinetic  and  Related  Aspects  of  Propellant 
Combustion  Chemistry,  Applied  Physics  Laboratory,  John  Hopkins 
University,  Silver  Springs,  MD  (May  1988). 

18.  AFOSR/ONR  Contractors  Meeting  on  Combustion,  Rocket  Propulsion  and 
Diagnostics  of  Reacting  Flows,  California  Institute  of  Technology,  Pasadena, 
CA,  June  1988. 

19.  American  Chemical  Society  Symposium  on  Colloid  and  Surface  Science, 
Pennsylvania  State  University,  University  Park,  PA  (June  1988). 


20.  Tenth  International  Symposium  on  Gas  Kinetics,  University  College, 

Swansea,  Wales  (July  1988). 

21.  Department  of  Physics,  University  of  Nijmegen,  Nijmegen,  The  Netherlands 
(September  1988). 

22.  Department  of  Physical  Chemistry,  University  of  Bordeaux,  Talance,  France 
(October  1988). 

23.  Department  of  Chemistry,  University  of  Leuven,  Leuven,  Belgium 
(November  1988). 

24.  American  Institute  of  Chemical  Engineers,  Annual  Meeting,  Washington,  D.C. 
(November  1988). 


Dr.  C.W.  Larson  of  the  Air  Force  Astronautics  Laboratory,  and  other  Air  Force 
Personnel,  contacted  us  several  times  in  1986  and  1987  to  discuss  the  design  of  a 
high-temperature  reactor  for  use  in  spectroscopic  measurements  on 
hydrogen/metal-vapor  mixtures.  They  are  interested  in  such  information  in  the 
context  of  the  Solar  Plasma  Propulsion  Program.  We  maintain  frequent  contacts 
with  Drs.  D.P.  Weaver,  and  T.  Edwards  of  that  laboratory.  In  the  last  year  this  has 
led  to  discussions  about  the  potential  means  for  those  investigators  to  study  metal- 
oxidation  reactions  above  2000  K,  i.e.,  above  our  current  high-temperature  limit. 

Dr.  J.  Lurie,  of  Aerodyne  Research  Inc.,  called  us  to  obtain  information  on  our  AlCl 
radiative  lifetime  measurements  for  their  plume  model  calculations  for  AEDC.  The 
results  (Appendix  3)  have  already  been  incorporated  in  their  rocket  plume  uv  band 
model  calculations.  Dr.  M.W.  Chase  of  the  National  Bureau  of  Standards  had  several 
conversations  with  us  on  the  implications  of  our  measurements  for  entries  on 
aluminum  species  in  the  JANAF  Thermochemical  Tables.  We  have  initiated  some 
collaboration  with  Dr.  J.R.  McDonald’s  group  at  N.R.L.,  in  connection  with  their  BH- 
compound  combustion  research  and  our  mass  spectrometric  work.  I  (A.F.)  have 
served  as  a  member  of  the  ONR  Board  of  Visitors  for  review  of  their  Mechanics 
Division  Program.  Dr.  J.  Eversole  of  N.R.L.  called  to  discuss  surface  reactions  of 


levitated  boron  particles.  Dr.  B.N.  Ganuly  of  AFAWL/POOC  expressed  an  interest  in 
our  results  for  the  development  of  better  flares  and  made  some  preliminary 
inquiries  about  obtaining  an  HTFFR  for  their  work  on  that  problem.  Dr.  J.F.  Paulson 
of  the  Air  Force  Geophysics  Laboratory  visited  with  several  of  his  collaborators  to 
look  at  our  high-temperature  technology,  which  they  want  to  apply  to  ion  reactions 
of  importance  to  the  National  Aerospace  Plane.  In  addition  to  the  meetings 
mentioned  above.  Dr.  Fontijn  also  had  many  discussions  with  Air  Force  Personnel 
and  contractors  at  the  June  1987  EMHIAT  and  the  March  1988  AFOSR  Combustion 
Instability  Workshops. 
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AN  HTFFR  KINETICS  STUDY  OF  THE  REACTION  BETWEEN  AlCl  and  O 

FROM  490  TO  1750  K. 

0O\.\LD  F  ROOO\<SKl  t\D  .\KrHL  R  F(;.NTI|.\ 

Di'parimeni  v/  (^hrmicdl  Fn^iinTiti^ 

Rem^elntr  Pohtrihiiu  hislilute. 

I  rin.  I  1 2 1  .S(/-  J  '90 


.\  method  for  the  production  ot  .-VICI  radicals  in-an  HTFFR  (hi({h-temperature  fasi-Hon  reation 
IS  described.  Fheir  relaiice  conccniraiion  in  the  title  reaction  is  monitored  bs  laser-induced 
fluorescence  The  overall  reaction  rate  coelhcients.  for  ,\1C1  consumption  bv  (T.  can  be  htted  bv 
the  expression  *iri  =  1  3  x  l'»  -  expi  - 34i)<JK. Ti  -  3  4  x  lO"* expt  -  I6IOOK.T1  cm’ molecule 
s‘'  Error  limits  are  discussed  in  the  text.  The  results  are  shoun  to  be  compatible  vvnh  a  mechan¬ 
ism  vvhere  the  AIO,.  -  Cl  product  channel  dominates  at  lower  temperatures,  while  the  O.AICI  - 
channel  dominates  at  hn^her  temperatures.  The  In  k{T)  versus  T~'  dependence  of  the  .AICU). 
reaction  is  contrasted  to  those  observed  for  the  .MO'O;  and  BF  O;  reactions. 


Introduction 

The  development  and  use  of  the  HTFFR 
technique'  is  leading  to  an  e.xpenmental  data 
base  of  homogeneous  gas-phase  oxidation  reac¬ 
tions  of  metallic  species.  Measurements  of  rate 
coefficients  )t(T)  in  the  300—1900  K  range  have 
been  reported  and  the  results  have  been  sum¬ 
marized  in  several  reviews.*''*  A  variety  of  k(T) 
dependences  base  been  observed,  including 
normal  Arrhenius  k{T)  =  A  exp(-£vRT)  beha¬ 
vior,  temperature  independent  rate  coefficients 
and  reactions  with  a  slight  negative  activation 
energy.  In  addition,  reactions  have  been  found 
the  rates  of  w  hich  are  determined  primarily  bv 
the  thermal  equilibrium  populations  of  e.xcited 
states  of  the  reactants.  While  the  original 
studies  were  concerned  with  reactions  of  metal 
atoms,  vve  now  concentrate  on  reactions  of 
metallic  radicals.  Here  we  report  on  the  first 
HTFFR  study  of  an  oxidation  reaction  of  a 
monohalide  radical.  .AlCI. 

2.  Technique 

2  t  Reactor  and  Reactants 

Basic  HTFFR  designs  have  been  discussed 
previously.-*  The  present  reactor  is  shown  sche¬ 
matically  in  Fig  1.  .\  vertical  ceramic  reaction 
tube  is  surrounded  bv  resistance  heating  ele- 
menu  and  insulation  inside  a  vacuum  can.  .At 
the  upstream  1  lower)  side  the  gaseous  metallic 
reactant  is  produced  and  entrained  in  .Ar  bath 
gas.  .A  movable  inlet  svstem  allows  for  introduc¬ 
tion  of  the  oxidant  Irom  20  to  0  cm  upstream  of 


the  observation  plane,  where  the  relative  con¬ 
centration  of  the  metallic  species  is  measured  bv 
laser-induced  fluorescence  (LIF).  A  reactor 
with  silicon  carbide  rod  heating  elements,  de¬ 
scribed  recently.^  had  to  be  modified  due  to  its 
exposure  to  chlorine  in  the  present  experi¬ 
ments.  A  mullite  (McDanel  MV  30)  2.2  cm  i  d. 
reaction  tube  was  employed,  which  contrary  to 
the  998  grade  alumina  used  in  earlier  HTFFR 
work,  is  resisunt  to  chlorine  at  elevated  tem¬ 
peratures.  The  other  change  concerns  the 
oxidant  inlet  system,  which  used  to  consist  of 
998  alumina  tube  tipped  by  a  multihole  Pt  ring 
.As  Pt  too  is  not  resistant  to  chlorine  at  high 
temperatures,  mullite  was  used  for  the  entire 
Oy  inlet  svstem.  The  vertical  0.3  cm  o.d.  inlet 
tube  was  fitted  with  a  0.6  cm  o.d..  1.5  cm  long 
horizontal  tube  with  two  0. 1  cm  holes  for  the  O.- 
introduction. 

Initial  experiments  on  the  production  '4 
.AlCl  led  to  development  of  the  following; 
method.  .A  trace  of  Civ.  tvpicallv  <  0  005'~f  "i 
the  .Ar  flow,  was  added  to  the  .Ar  bath  gas  .uul 
passed  over  a  tungsten  coil  wetted  with  .\l  \i 
temperatures  below  1000  K  it  was  necessarv  in 
heat  the  coil  bv  passing  a  current  through  u  i" 
obtain  usable  intensities  of  .AlCl  fluoresceiue 
Fviti.  .Above  that  temperature  no  current  ".o 
applied  and  the  coil  was  withdrawn  to  a  coulci 
zone  of  the  reaction  tube,  otherwise  Fvm  m.  1 
large  for  convenient  measurements  were  pro¬ 
duced.  The  How  of  Cli  was  adjusted  to  maxim¬ 
ize  the  -AlCl  fluorescence  signal.  .At  high  avet 
age  gas  velocities,  addition  of  small  quantities  oi 
O2  resulted  in  a  sharp  decrease  in  Fvm.  I  his 
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Fic.  1  Schematic  of  the  HTFFR  used. 

decrease  was  followed  bv  a  more  gradual 
decrease  with  increasing  [Oo],  wrhich  was  com¬ 
parable  to  that  observed  at  low  flow  velocities. 
The  sharp  decrease  can  be  attributed  to  remo¬ 
val  of  free  .\1  atoms  by  the  fast  Ai/O^  reaction,® 
which  terminates  the  .AJCl  production.  The 
lowest  [O2]  used  in  the  .AlCl/O?  rate  coefficient 
measurements  alwavs  exceeded  that  required 
to  terminate  .AlCl  production.  These  observa¬ 
tions  show  that  the  .\1C1  production  occurred  at 
least  partiallv  in  the  gas  phase  rather  than  on 
the  coil.  The  necessity  of  supressing  .AlCl 
production  dow  nstream  of  the  inlet  bv  addition 
of  an  initial  Oo  flow  made  it  impossible  to  obtain 
traversing  inlet  mode  data  '  with  the  present 
design.  Instead,  stationary  inlet  measurements^ 
at  different  inlet  positions  were  made. 

.A  small  quantity  of  .Ar  (about  2*^  of  the  bath 
gas  flow  )  was  introduced  through  the  oxidant 
inlet  to  improve  the  response  time  for  the 
stabilization  of  the  .AlCl  signal  after  a  change  in 
Oj  flow.  The  gases  used,  obtained  from  Linde, 
were  99. 5*^  Cl-j,  99.998*^  .Ar  (from  liquid  .Ar) 
and  99.6*^  O3  In  a  few  preliminary  experi¬ 
ments  99  993‘T  O3  was  used,  yielding  no  differ- 
•ence  in  the  observations. 

2.2  Measuremenis  and  Data  Reduction 

For  the  LIF  measuremenis  a  Lambda  Phvsik 
EMC  101  excimer  FL  2002  dve  laser  was  used. 
Coumarin  J34  dve  vs  as  used  to  produce  522.8 


nm  radiation,  which  was  frequence  doubled 
with  a  KDP  crvstal  to  pump  the  .MCI  A-XiO.m 
transition  at  261  4  nm.  Fluorescence  .it  (he 
same  wavelength  was  observed  throuizh  a  262  r 
12  nm  iFWHMi  iruerterence  hiter  The  iletec- 
fion  svstem  consisted  ut  .111  EMI  'c'Edj.A 
photomultiplier  tube  operated  trotti  ;  (00 
I6i)0  \  .  The  PMT  output  was  leconled  vsith  a 
Data  Precision  .\nalogic  oooo  62"  1""  5[Hi! 
transient  digitizer  The  averages  ot  loo  pulses 
were  used  for  the  fluorescence  uitensitv  mea¬ 
surements  to  smooth  out  the  variations  in  the 
laser  pulse  energv.  The  presence  of  a  side  tube 
from  the  reaction  tube  to  the  fluorescence 
observation  window  reduced  the  laser  back¬ 
ground  signal  typically  to  less  than  lOEi  ot  the 
fluorescence  signal  at  the  minimum  [Os].  F\  ( 
Rate  coefficients  were  measured  at  O3  inlet  to 
observation  plane  distances  of  10  cm  and  2" 
cm,  following  the  procedures  described  pre¬ 
viously.®'’  Plots  of  In  [.AlCl]rri  =  In  (F^k  |.  F  s.i  1 , 
versus  [Oj]  yielded  straight  lines  with  slopes  ki. 
where  t  is  the  reaction  time.  During  these 
experiments  pressure  was  measured  down¬ 
stream  of  the  reaction  zone  with  an  MKS 
Baratron  gauge.  To  determine  the  reaction 
temperature,  an  unshielded  tvpe  R  thermocou¬ 
ple  was  traversed  through  the  reaction  zone 
immediately  after  a  run.  .After  all  the  experi¬ 
ments  had  been  completed  pressure  correc¬ 
tions,  to  obtain  reaction  zone  pressures,  and 
temperature  corrections,  from  a  shielded  ther¬ 
mocouple,  were  obtained  following  the  recom¬ 
mendations  of  Fontijn  and  Felder.  ' 

.A  weighted  linear  regression  and  full  propa¬ 
gation  of  errors  treatment,  as  described  bv 
Fontijn  and  Felder,®  was  used  to  determine  the 
uncertainty  in  kt  and  in  turn  k  for  the  particular 
temperature  t.  pressure  P  and  average  g.is 
velocity  v  used.  In  the  treatment,  uncertamtv  m 
both  [AlClJrei  and  [Oo]  are  taken  into  account  "v 
combining  them  vecioriallv.  to  obtain  the  eri"i 
in  ki.  The  regression  of  A  as  a  function  ..i 
temperature,  with  errors  in  both  k  and  f  •'  i- 
obtained  bv  minimizing  x'  =  -tc'  Tti  *  -  •  "  ' 
where  *,  is  the  fitted  and  *  the  expernnr  ;:  ,1 
value.  The  weighting  factor,  wr.  accuoiii-  ■  1 
errors  in  both  k  and  T  bv  combining  ■  r  -i 
vectoriallv,  u.'®  ^  ern,,  -  [d  In  k..df  1  T  1  -.r- 


).  Results 

Measurements  of  the  rate  coefficlent^  f  !"i 
.AlCl  consumption  bv  Oo  were  made  tri'in  f" 
to  1750  K,  spanning  a  range  of  k  valuev  ii'  in 
about  1  X  lO'^’tol  X  10' cm®  molecule 
N’inetv-one  measurements  were  taken  ,iiul  "le 
eighty-six  with  correlations  r  a  0.95  for  regies, 
sions  of  In  [.AlCl],,i  vs.  [Oo]  vvere  accepted  l  i 
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previous  work^  drift  in  the  A1  Hux  from  the  coil 
was  encountered.  In  this  work  this  resulted  in  a 
drift  m  Fv,i,,.  measure  ot  the  variation  is  the 
difference  of  F  v,(  j ,  at  the  beginnini?  and  end  of 
a  k  measurement  disided  bv  their  a\erai?e.  .\ll 
of  the  eights -SIX  data  points  used  showed  this 
variation  to  be  less  than  -  <>  jb  For  sesentv  -hve 
of  the  measurements,  the  variation  was  less 
than  -  11.25. 

The  measurements  are  summarued  m  Fable 
1.  Inspection  ot  the  data  shows  the  k  values  to  be 
independent  of  the  implicit  parameters:  inlet 
position.  P.  FU]  (average  total  concentration). 
F\ici..  (and  hence  .AlCIl,  and  v.  The 

results  are  also  independent  of  the  added, 
which  were  in  the  range  4  <  lU'"  to  1  <  10‘^ 
cm'^  depending  on  the  '.Arl  used.  Tempera¬ 
tures  given  are  averages  ot  the  values  from 
measurements  at  5  cm  intervals  from  the 
observation  ione  to  the  Oj  inlet  position, 
corrected  as  discussed  above.  The  standard 
deviation  about  the  mean  gas  temperature 
varied  from  =  1  to  r  30  K  depending  on  the 
reaction  conditions. 

The  independence  of  k  with  respect  to  inlet 
position  and  reaction  time  indicates  that  any 
quenching  of  .\1C1  (.A)  bv  O2  does  not  affect  the 
k  measurements.  We  have  observed  the  radia¬ 
tive  lifetime  of  .AlCI  to  be  »■  10"*  s.  vielding  And 

10*  s"'.  .Assuming  a  maximum  value  for  the 
rate  coefficient  for  ouenching  bv  O2.  A,  =>  10"“' 
cm*  molecule"'  s"*^  and  using  the  maximum 
[Oj]  used  of  lO'*  cm"*.  An<)tAq(02)  »■  lO'*, 
showing  that  quenching  bv  O2  is  insignificant. 

V'arious  fits  of  the  A  data  versus  f"'  were 
made.  .A  good  fit  was  obtained  to  a  double 
exponential  At 75  =  A  exp  {-B/T)  +  C  exp 
i-DIT)  expression.  .Analysis  for  this  fit  results 
in: 

AID  =  1.26  X  10"'*  exp(-3400fC.D  - 
3  36  X  10"*  expt  -  16100X/D 

cm'molecule" '  s"'  ( 1 ) 

To  calculate  the  statistical  uncertaintv  in  A  both 
the  variances  asstxiated  with  each  parameter 
and  the  covariances  associated  with  the  ditfer- 
ent  pairs  of  parameters  must  be  taken  into 
account,  since  the  parameters  are  not  indepen¬ 
dent.*  The  variances  and  covariances  asso¬ 
ciated  with  Eq.  ( 1 1  are  tr^*’  =  5.622  x  lO"''*; 

=  3.908  X  10"".  (Tv(  =  3.433  x  lO"-’*-.  0x0  = 
2.051  X  10"'“:  (Tb*  =  2  864  x  10"T  obc  =  2.044 
X  10"^  <tbd  =  I  238  X  10*.  Or*’  =  1161  x  lO"'': 
Oco  “  3.871  X  lO"’;  cTo*  =  3.023  x  10®.  From 
these  (T»  was  calculated  in  the  standard 
manner.*  vvith  a  lOT  added  systematic  uncer¬ 
taintv  in  the  How  profile  factor  *  The  2cr* 
confidence  levels  are  shown  in  Fig.  2.  These 
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Fic.  2.  Rate  coefficient  data  for  the  MCI  O. 
reaction 

- Double  exponential  rate  expression  fit  ol  data 

given  in  text. 

- Two  standard  deviations  to  the  ht  of  the  rate 

expression  as  described  in  the  text. 

levels  vary  somewhat  over  the  tempieratuie 
range  investigated  and  are  i  19*^  at  500.  : 
I29c  at  700.  ±  11^^  at  1000  and  ±  14^  at  18t)i) 
K.  It  should  be  noted  that  oj  represents  the 
standard  deviation  of  the  fitted  expression,  nut 
the  standard  deviation  of  the  measurements  id 
A. 

.A  good  transition  state  fit.  A(D  =  7  7' 
exp(-G/D.  was  also  obtained. 

This  fit  yields 

klT)  =  5.62  X  lO"-’*  r*  '‘  exp  (308  K  T\ 
cm*  molecule"'  s"' 

2a»  confidence  levels  shown  m  Fig  ^  wnt 
calculated  similarly  to  those  for  Eq  1 '  I  t 
variances  and  covariances  associated  wiih  fu 
(2)  are  Vg'  =  6.039  x  K)'  (jrf  =  -  I  (">(  • 
10"*':  (jf(,  =  1.306  X  10"'**.  fjf-  =  3  (134  *  I" 
a/rr,  =  -2.917  X  10*“:  =  2.904  *  lo'  t  he  J.r. 

confidence  levels  derived  from  these  are  r  I'l 
at  500.  s  IIT  at  700.  =  I  IT  at  lono  .m<l  - 
12T  at  1800  K. 

4  Discussion 

The  following  reaction  pathwavs  have  ti.  (ir 
considered 

AlCI  -s  Oo  -*  O.AICI  -  O 
AlCl  -•-  o’:  -*  AIO:  -  Cl 


(,i 

(h. 
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Both  are  allowed  bv  the  spin-conservation  rule. 
Based  on  current  JANAF  .••i«  values  the 
abstraction  reaction  tJai  is  4/  kj  mole  ‘  exo¬ 
thermic.  while  the  subsittution  reaction  (3b) 
would  t)e  k|  mole  endothermic,'"  The 
latter  value  ui.uld  lead  to  minimum  activation 
energies  too  Luge  to  allovv  the  observed  rate 
loethcients  Hotvever.  our  observation  that  the 
I  eat  til  III 

AlO  -  to..—  VIO.,.  -  CO  41 

has  a  slight  negative  activatmn  energv  indicates 
that  the  new  ()-Al  bond  m  0-.\l-0  is  at  least 
equal  to  the  strength  ot  the  O-CO  bond.’ 
resulting  in  an  _ H  . \IO.- s  -  I'tq  kj  mole''. 
This  IS  1  1 3  k|  mole  more  exothermic  than  the 
current  |.\N  \F  v.dtie.  which  is  based  on  mass 
spectronieti  V  ev.iporation  experiments,  '  Possi- 
blv.  ditlereni  \1(),-  structure  mav  be  responsi¬ 
ble  lor  this  ddterence  It  should  be  noted  that 
other  mass  spectrometrv  evaporation  studies'" 
suggest  a  heat  ol  tormation  which  is  more  in 
agreement  with  that  from  our'  work.  On  this'’ 
revised  hasis  reaction  i3bi  has  a  clH°,  s  -26 
IsJ  mole'  .  le  is  also  exothermic.  Thus  on 
thermocher.acal  grounds  i3b)  now  has  to  be 
considered  a  possible  path  for  the  .\lCl/'Oo 
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Fii.  t  Kill-  I'.cthcieni  data  tor  the  AlClt).. 
reacimn  -  I  t.insiiion-staie  ivpe  rale  expression 

hi  o(  il.ii.i  ./mil  III  'ext 

- f  .Ml  •.[jiiiiaid  deviations  to  the  hi  ot  the  rate 

expression  .is  described  in  ihe  text 


reaction.  In  fact,  if  the  double  expionential  Eq. 
( 1)  correctlv  describes  the  kinetics.  (3b)  mav  be 
identified  with  the  first  term  which  dominates 
at  the  lower  temperatures  .\n  .3  factor  ot  1  ' 
10' cm'  molecule'  s'  vvould  be  small  tor  the 
simple  abstraction  reaction  '3ai.  The  second 
term  ot  Eq.  i  1 ).  which  is  significant  at  higfi 
temperatures,  has  a  large  pre-exponential  in¬ 
dicative  of  an  abstraction  reaction  such  as  oLo 
While  a  value  ot  3.4  <  ID cm  ‘  molec  ule '  « 
does  not  appear  phvsicallv  reasonable,  it  has  a 
large  uncertaintv  tj,  associted  with  it.  C.learlv 
this  pre-exponential  must  be  larger  than  that  oi 
the  first  term  to  account  for  the  observed 
increase  in  slope.  .As  can  be  seen  this  increase 
occurs  near  the  upper  temperature  limit  inves¬ 
tigated.  .An  extention  to  much  higher  tempera¬ 
tures  than  accessible  bv  our  apparatus  would  be 
required  to  determine  this  term  more  accu- 
ratelv.  though  k  near  the  uppier  limit  ot  the 
current  temperature  range  is  vsell  knovsn.  as 
noted  above. 

While  the  two-path  model  for  reaction  (3) 
thus  appears  quite  reasonable,  the  equallv  goc>d 
fit  of  the  data  to  the  transition  state  tvpe 
expression  (2)  indicates  that  it  merits  further 
discussion.  However,  the  magnitude  of  the 
power  of  T.  4.57,  does  appear  unusually  high 
for  a  reaction  of  small  molecules. and 
contrary  to  the  term  just  discussed  for  Eq.  1 1 ).  it 
has  a  small  associated  uncertainty  as.  We 
therefore  favor  Eq.  (I).  although  experimental 
product  identification  is  needed.  L  nfortunatclv 
neither  OAICI  nor  .AlOj  have  known  electronic 
transition  spectra,  which  precludes  the  use  /it 
the  present  diagnostic  LIE  to  settle  this  prob¬ 
lem.  .Mass  spectrometer  HTFFR  experiment', 
which  should  allow  product  identification  .ue 
planned;  the  apparatus  is  being  constructed 

The  In  kiT)  versus  T*'  dependence  ot  the 
.AlCLO'>  reaction.  Figs.  2  and  3.  contrasts  vh.ii- 
piv  with  that  of  its  O-atom  equivalent 

AlO  -  O.'  —  AlO.'  -  O 

which,  like  reaction  i4i,  has  a  slight  neg.invi 
.ictivation  energv.''  That  behavior  is  miiu.iii't 
ot  the  lormation  of  an  intermediate  re.itO'  n 
complex,  such  as  O-O'.Al-O.  which  preteit-n 
tiallv  dissociates  to  the  original  reactants  i.iiiin 
than  products." '  The  temperature  depni 
dence  of  reaction  |3)  indicates  that  when  the  <  ) 
atom  in  .AlO  is  replaced  bv  a  Cl  atom,  eiihei  i  •  ■ 
such  complex  is  formed  or  that  it  disso<  i..ie- 
preferentially  to  products.  This  is  similar  t"  d  e 
suggested  behavior  of  the  reaction  ’ 

BO  -I-  O'.  —  BOo  -  O 
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Aid  radical  reactions  mav  be  expected  to 
show  some  similaritv  to  those  ol  the  BF  radical, 
which  IS  constituted  <>t  the  elements  abose  A1 
and  Cl,  respetiiseU.  in  the  periodic  table  For 
the  reaction  between  BF  and  O^.  AiTi  has  been 
reported'”  to  be  I  H  s  in  •  expt  - 7J  inA  Ti 
cm' molecule  '  Irutn  •>”'>  t<>  lb:Ib  K.  In  that 
work  no  lutsatuie  in  the  Arrhenius  plot  w.is 
obsersed  .mil  an  OBF  -  O  produit  was 
assumed.  Houe'.er.  the  liinttetl  tempertiture 
ranine  invesii^aiefl  would  make  it  dilhcult  to 
establish  cursature  and  i ontpetition  troin  a  BO., 
product  channel,  the  e(|ui\alent  ot  the  products 
of  reaction  ulhi,  has  to  be  considered.  Both 
BF'O;  product  channels  would  .ilso  be  exother¬ 
mic. 
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COsMMENTS 


Jas  B  jeffnes  SRI.  fnl.  .Menlo  Park.  C.\  94'RH  L’S.k 
What  diagnostics  base  been  performed  to  determine 
the  rate  of  wall  loss  ol  the  .At.  .AlCI.  AlO  compounds 
on  the  hot  mullne  walls  of  sour  reactor-  Do  sou 
expect  the  probable  fast  rate  to  impact  sour  reported 
datar 

\uthor's  Rept\  The  tact  that  wall  losses  can  indeed 
be  fast  was  established  m  seseral  ot  the  earliest 
HTFFR  studies  •  from  plots  of  pseudo-hrsi  ortler 
rate  coefficients  versus  oxidant  concentrations  Fhe 
wall-loss  intercepts  do  not  directlv  atfect  the  obtained 
rate  coefficients,  which  are  derised  from  the  slopes  Ii 
is  likelv  that  sanation  m  wall  losses  oser  the  period  ot 
the  measurement  nt  one  rate  coethcient  is  partialis 
responsible  for  the  scatter  in  the  data  Earls  work 
showed  the  scatter  10  be  considerabls  stronger  in 
than  .Ar.  which  obsersation  points  in  that  direction 
Hence.  .Ar  is  now  used  as  bath  gas.  The  whole  subject 
of  accuracs  m  HTFFR  rate  coefficient  measurements 
has  been  discussed  extensiselv  m  Refs.  3  and  4 
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Stephen  L  Bauiithcum.  Los  .4/fimn\  \<it  I 
Mamos  .V.\|  S7545  t  S.3  Aluminium  chloride  t  nio- 
both  the  monos, dent  1  AlCI)  and  irn  alent  \.i 
forms.  s» Inch  probabls  hase  different  reacio  lUr-  >- 
oxsgen  and  different  sucking  coetficients  ujion  > 
collisions  Clearlv  the  amount  ot  .AlCI  relatoc  to  \  i 
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will  be  sensitive  to  the  Clj  pressure  in  the  system.  In 
vour  experiments,  how  much  .AlClj  is  produced 
relative  to  ,\1C:1  and  could  secondary  production  of 
.\1C1  via  equilibration  from  .\lCli  affect  the  resultsr 

.\uthoT\  Rff>i\  ('.eneraiion  of  .AlCl  from  .\lCli 
equilibration  is  not  likelv.  .\1CI  is  irenerated  from  .A1 
md  Cl.,  so  jn\  AlCl.  or  .A.lt;l,.  present  must  result 
from  either  a  sequence  of  biinolecular  reactions  or 
from  termoletular  reactions.  However,  the  reactions 
.\LCI,.  and  \1C1  Cl.  have  both  been  found  to  be 
independent  ot  M),  under  our  operating  conditions 
and  the  A1  reaction  is  much  faster  than  the  .AlCl 
reaction.  These  points  coupled  with  the  1  <  10"’  to  1 
X  lO"'  s  residence  times  indicate  that  f.AlCl)  *»  [.-VlClj] 
and  [.AlClj]  Calculations  show  that  at  equilibrium 
[.\lCliJ  and  i'.AlCl.!  *»  \lt.l|.  suggesting  that  in  our 
experiments  hiijher  chlorides,  if  present,  will  not 
significanilv  react  back  to  AlCl  Direct  proof  of  the 
absence  of  signihtani  secondary  .AlCl  production 
comes  from  the  observation  that  the  rate  coefficients 
in  Table  I  are  independent  of  reaction  time,  observa¬ 
tion  distance  and  How  velocity  .Also.  [Cljj  was  varied 
bv  more  than  an  order  of  magnitude  without  affect¬ 
ing  k.  Finally,  since  (0.>|  is  much  larger  than  the 
concentration  of  anv  other  reactant,  the  (Oj)  is 
unaffected  bv  anv  aluminum  chloride  reactions. 
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Dr.  Milton  Farber.  Spact  Sciences.  Inc..  tiS  W.  .Maple 
.\ve..  .Monrovia.  C.A  91016  USA.  I  would  like  to 
commend  vou  on  a  verv  good  set  of  experimental 
kinetics.  The  fact  that  vour  results  are  not  compatible 
with  the  thermodynamic  value  for  the  AHtof  .AlOj(g) 
reported  in  1980  bv  Ho  and  Burns.'  but  are  quite 
compatible  with  our  previouslv  published  values^  can 
be  readilv  explained.  Your  earlier  papers  on  the 
kinetics  of  COj  and  Oj  with  .AlO  appeared  to  vield 
activation  energies  of  approximately’  zero,  also  com¬ 
patible  with  our  value  of  -44  kcalmole  for  ilH.  of 
AlOotg).  but  incompatible  with  the  value  of -23  2  :  b 
kcal/mole  reported  bv  Ho  and  Burns.' 

First.  1  shall  explain  the  reason  for  the  incompat¬ 
ibility  of  vour  results  with  those  of  Ho  and  Burns  In 
1976  and  1980  Burns  and  coworkcrs  published  two 
papers.'  ’  one  on  the  tlH^  of  .AljOj(g)  and  another  on 
.AlOj(g).  These  were  evaporation  experiments  in 
which  he  assumed  ’’virtual  equilibnum,"  with  an 
accommodation  coefficient  of  a  =  0.325  for  the  two 
species.  These  values  are  much  too  high  for  these 
ifsecies.  by  at  least  an  order  of  magnitude  for  .AlOj(g). 
Nearly  ten  published  papers  have  presented  accom¬ 
modation  coefficients  of  less  than  0.10  for  the 
evaporation  of  Al.Oiigi*  Our  experiments  on  the  o 
of  .AliOcig)  showed  a  result  of  approximately  0  08.’ 


The  assumption  bv  Ho  and  Burns'  that  the  a  for 
.AlOj(g)  is  0.323  leads  to  a  calculated  partial  pressure 
from  the  Langmuir  expression,  p  =  n  \  2tTmkT  a, 
which  is  much  too  low,  and  results  in  a  _H.  of  AlO.igi 
some  20  kcalmole  too  positive  His  values  for  AlOgi. 
and  .AljO(g)  are  also  too  positive  bv  2  to  i  kcalmme 
from  the  well  established  and  universalis  retoiznized 
SH.  valves  for  AlOtgi  and  .AI..Oiizi  His  value  In’ 
.AliOj.  a  larger  molecule  with  a  much  lower  accom¬ 
modation  coefficient  than  ')  325  ithe  value  aiso 
assumed  bv  Fu  and  Burnsi'.  is  some  15  kcalmoie 
more  positive  than  the  2.H,  obtained  from  ettusion 
equilibrium  experiments.  The  high  temperature 
mass  spectrometer  spark  experiments  on  .Al.Otigi  bv 
Cornides  and  Gal"  show  that  initia;  decomposition 
species  are  atomic  and  that  the  atoms  recombine  to 
form  the  higher  oxides.  In  general,  evaporation 
decomposition  experiments  will  not  vield  equilibrium 
pressures  and  thermodynamic  data  derived  from 
them  will  be  unreliable.  One  further  comment  when 
I  presented  our  data  at  the  Faradav  Symposium  in 
London  in  1973’  Professor  Skinner  remarked  that 
the  .Al  species  with  oxygen  consisted  of  ionic  bonding 
and  that  the  Al-O  bond  strengths  were  nearly  equal  in 
all  the  species.  .AlOH.  .AlO,  AltO,  AljOj  and  .AlOj.  etc. 

.As  noted,  the  compatibility  between  vour  results 
and  ours  can  also  be  readily  explained.  Between  1970 
and  1976  we  published  six  papers  on  equilibrium 
studies  leading  to  thermodynamic  dau  for  the  alumi¬ 
num  oxide  species.*  ’*""  Four  were  performed  in  alu¬ 
mina  effusion  cells  employing  saphire  chips  to  ensure 
no  interference  with  extraneous  materials.*’"° "  Two 
mass  spectrometer  studies  of  .Al  additive  compositions 
in  Hj/Oj  flames  confirmed  the  effusion  studies.’’  A 
of  -44  £  2  kcal/mole  was  obtained  tor 
AlOj(g),  the  value  with  which  your  experiments  agree 
Prior  to  these  studies  a  mass  spectrometer  invesnga- 
tion  in  1960  by  Orowart.  et  al'*  on  the  dissociation 
species  over  AliOj  was  performed  emplovimz 
tungsten  and  molybdenum  cells.  They  reported  ther 
modynamic  data  for  .AlO(g),  .AhOfg)  and  ALO.' it 
with  values  more  positive  than  those  obtained  in  'mr 
neutral  cell  effusion  experiments  and  those  ot  maiiv 
other  investigations  for  the  heats  of  formation  t 
AlO(g)  and  .Al>0(g).  Thev  did  not  observe  Alt)  c 
Our  calculations  later  showed  that  reactions  took  p,  1. 1 
between  the  metal  cells  and  .Al  species,’’  resuliink  'i 
more  positive  AH,  values  and  completely  redui  mk  '*  c 
.AlOj  concentration  to  an  undetectible  level  II  ’l.t  'c 
reactions  were  taken  Into  consideration  the  revuii'  i 
Drowart.  et  al'*  would  be  in  good  agreement  wuh  o 
data. 

In  conclusion,  although  the  existence  of  Alt)  k 
and  Its  heat  of  formation  have  been  controversui  i  "i 
many  years,  I  am  pleased  that  vour  kinetic  e\()rri 
ments  are  compatible  with  what  1  feel  is  a  dehninvr 
value  for  the  AH°,  mj  of  .AlOjtg).  -44  £  2  kcal  m.,ic  1 
look  forward  to  the  results  of  vour  forthcomimt  nu" 
spectrometer  experiments. 
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Author's  Reply.  The  greatest  discrepancy  between 
the  2.H°,  MS  values  reported  in  the  Kundsen  veil 
e\  aporation  literature  and  the  limit  a alue  indicated  bv 
our  kinetic  studies  is  that  encountered  in  our  work  on 
the  reaction  AlO  -  CO;  — •  .\10;  -  CO'  There  ue 
observed  a  slightlv  negative  actiAation  cnergA.  uhich 
indicates  that  the  reaction  cannot  be  endothermic  It 
we  take  current  J.A.N.AF  values  tor  AlO,  CO  and  t  O; 
and  the  -29.6  kcal  mole  '  accuracy  limit  value  trom 
the  Ho  and  Burns  experiments  and  add  vour  correc¬ 
tion  of  about  20  kcal  mole  “.  recommended  above, 
reaction  (1)  would  be  approximatelv  thermoneutral 
L  sing  the  uncertainty  limn  value  from  vour  work  it 
would  still  be  some  4  kcal  mole  '  endothermic, 
possiblv  not  very  significant.  The  vexing  question  ot 
the  0-.\10  bond  energy  may  thus  be  resolved  Our 
planned  mass  spectrometer  experiments  will  have  lo 
establish  if  no  structural  differences  le  g  ,  O.AIO  vs. 
OO.Al)  exist  between  ,A10j  from  evaporation  and 
kinetic  studies. 
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Rate  coefficients  for  the  reaaon  AlCl  ♦  COj  —  OAICI  +CO  have  been  measured  in  a  high-temperatuie  fast -How  reac¬ 
tor  (HT  FFR).  These  fit  the  expression  kCH  ~  2.5  x  10"**  exp(-7S50  K/T)  cm^  molecule"*  s"* .  The  existence  of  a  larce 
energy  banter  for  this  exothermic  reaction  is  in  agreement  with  that  suggested  for  the  OAlCl  channel  of  the  .MCI  »  Oj  re¬ 
action.  The  presence  of  such  barriers  is  in  sharp  contrast  to  the  AlO  reactions  with  COj  arxl  O}. 


1 ,  Introduction 

The  use  of  the  HT  FFR  technique  is  providing  a 
data  base  for  the  kinetics  of  homogeneous  gas-phase 
oxidation  reactions  of  metallic  species  in  the  300- 
1900  K  range;  results  have  been  summarized  in  several 
reviews  [1-3).  Following  measurements  of  A1  atom 
and  AK)  radical  reactions,  we  recently  initiated  work 
on  the  AlCl  radical  with  a  study  of  its  reaction  with 
O2  (4).  Here  we  report  results  for 

AlCl  +  CO2  -  OAICI  +  CO  (1) 

and  compare  its  lnk(D  versus  r~*  behavior  to  that 
established  in  the  AlCl  >  0-,  study  and  for  the  AlO 
reactions  with  CO2  (5)  and  O2  (61. 

2.  Experimental 

The  basic  HT  FFR  design  and  methodology  has 
been  described  previously  [2] .  The  modifications  used 
for  AKJl  nansuiements  have  been  discussed  elsewhere 
[4).Bnd|r»a  vertical  2  2  cm  inner  diameter  mullite 
reaction  tub*  is  heated  by  silicon  carbide  rod-type 
heating  elements.  The  reaction  tube  and  heating  ele¬ 
ments  are  housed  inside  an  insulated  vacuum  can.  An 
Al-wetted  tungsten  coil  is  heated  in  the  upstream  end 
of  the  reaction  tube  producing  gaseous  Al.  Ar  bath  gas 
with  a  trace  (»5  X  10*^  cm"^)  of  Cl,  is  passed  over 
the  coil.  Al  atoms  are  entrained  and  react  at  near  gas 
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kinetic  rates  (7]  to  produce  AlCl.  Further  down¬ 
stream  CO2  is  introduced  through  a  movable  inlet; 
the  distance  between  it  and  the  observation  plane 
varies  from  20  to  10  cm.  Relative  AlCl  concentrations 
are  measured  at  the  observation  plane  by  laser-induced 
fluorescence  (LIF),  using  the  A-X(0, 0)  transition  at 
261 .4  nm.  To  ensure  that  AlCl  production  ceases  at 
the  CO2  introduction  point,  some  O2  (»5  X  10*^ 
cm“^)  is  added  through  the  CO2  inlet  to  consume 
any  remaining  free  Al  by  the  fast  Al  +  O2  reaction 
(k  «  3  X  10“^*  cm^  molecule"^  s“*  (6|).  The  gases 
used,  are  99.5%  CI2 , 99.998%  Ar  (from  liquid).  99  t  > 
O2 ,  and  99.99%  CO2 .  all  obtained  from  Linde. 

3.  Results 

Plots  of  In  [AlCl]  venus  [CO,]  yield 
lines  with  slopes  fcj  r .  where  r  is  reaction  time  k ,  i: 
each  experimental  condition  is  determmed  by  1 
weighted  linear  regression  of  the  data.  The  random 
experimental  errors  are  used  to  determine  the  we  nr.t 
ing  by  a  propagation  of  errors  method  [2].  Fr>'m 
this  treatment  the  associated  with  each  k,  s  .j. 
culated. 

Below  about  1175  K  reaction  (1)  has  been  :>  u- J 
to  be  too  slow  to  allow  meaningful  HT  FFR  ohse  - j 
tion.  Fifty-nine  measurements  of  it  |  between  I  : 
and  1775  K  have  been  made.  Of  these  the  fifty  -i  -  -r 
which  have  correlations r  >  0.85  for  In  [AlCll.,.ij,. 


*  n  a) 

Summary  oi  rate  coefficient  measurements  of  AlCl  CO^  —  OAICI  *  CO 


Oxidant  intot 
position 

P 

(Tort)  *’> 

(Ml 

ilO*'’  cm"^) 

1C0,|  range 
icm"^) 

u 

(ms"') 

pc) 

T 

(K) 

k 

20 

19.7 

1  24 

1  03(15>-8.85ri53 

40 

49 

15  38 

3.93(-14) 

4  14(  -15) 

20 

19.6 

1.24 

1,07(151-9.07(15) 

40 

46 

1533 

3  S4(-14) 

3  :i(  -15) 

20 

24  6 

!  56 

1  03(  151-8.50(15) 

42 

28 

1529 

1  04(-14) 

1.42(  -15) 

20 

24  6 

1  56 

1.04(15)-8. 26(15) 

42 

24 

1526 

1  30(  -14) 

1  48)  -t5i 

20 

32.8 

2  .ij7 

!  37(151-1.10(16) 

31 

31 

1526 

1  39(-14) 

.8  35(  !  (1 1 

20 

39.4 

:  49 

1  62(151-1  30(16) 

26 

25 

1527 

1  04(  -  1 4 1 

l.i.'li  -  15 1 

10 

34.2 

2.18 

1  ■’2(15)-l. 37(16) 

25 

26 

1517 

1.19(-14) 

2.;3(  -15) 

10 

34.2 

2.18 

1.87(151-1. 36(16) 

25 

32 

1514 

1  25(-14) 

2  5  ii  -15) 

20 

23.0 

1  55 

1  17(151-9.76(15) 

35 

34 

1433 

1.2’(-14) 

1  46(-15) 

20 

23.0 

1.56 

1  25(15)-l  00(16) 

35 

33 

1427 

9.60(-15) 

9.10(  -lb) 

20 

23.7 

1.62 

1  18(151-8.59(15) 

39 

22 

1416 

1.17(-14) 

1.49(-15) 

20 

23.7 

1  62 

1.06(15)-8. 62(15) 

39 

23 

1414 

9.25(-15) 

1  08(-15) 

10 

26.5 

1.80 

1  24(15)-9.68(15) 

35 

25 

1417 

8.37(-15) 

1.17(-15) 

10 

26.6 

1.81 

1.24(15)-9.63(15) 

35 

25 

1418 

9.37(-15) 

9.92{-16) 

10 

20.0 

1.35 

1.28(15)-9.67(1S) 

35 

41 

1424 

9.70(-15) 

1.55(-15) 

10 

20.0 

1.36 

1.26(15)-1.00(16) 

35 

40 

1425 

1.24{-14) 

2.22(-15) 

20 

25.7 

1.87 

1.62(15)-1.21(16) 

29 

36 

1325 

3.49(-1S) 

6.95(-16) 

20 

25.7 

1.88 

1.52(15)-1.20(16) 

29 

36 

1320 

4.75(-15) 

9.77(_16) 

20 

37.0 

2.73 

2.27(15)-1. 76(16) 

20 

14 

1307 

2.82(-15) 

2.89(-16) 

20 

36.9 

2.73 

2.26(15)-1.74(16) 

20 

11 

1304 

2.77(-15) 

4,63(-16) 

20 

19.9 

1.47 

1.07(15)-7,92(15) 

43 

54 

1310 

1.00(-14) 

1.75(-15) 

20 

20.0 

1.47 

1.12(1S)-8.02(15) 

43 

44 

1311 

1.04(-14) 

1.32(-15) 

10 

20.0 

1.46 

1.06(15)-8. 15(15) 

43 

43 

1320 

1.75(-14) 

1.58(-15) 

10 

20.0 

1.46 

1.09(15)-8.14(15) 

43 

39 

1322 

1.95(-14) 

3.32(-15) 

20 

31.5 

1.91 

1.38(1 5)- 1.09(1 6) 

31 

17 

1591 

1.36(-14) 

1,97(-15) 

20 

31.6 

1.92 

1.33(15)-!. 13(16) 

31 

17 

1587 

l.29(-14) 

1.17(-15) 

10 

31.6 

1.91 

1.36(15)-1.08(16) 

31 

12 

1596 

1.70(-14) 

1.76(-IS) 

10 

31.6 

1.92 

1.33(15)-1. 13(16) 

31 

10 

1592 

1.18(-14) 

2.60(-lS) 

20 

31.5 

1.91 

1.63(15)-1.40(16) 

25 

40 

1588 

l.66(-14) 

1.26(-15) 

20 

31.6 

1.92 

1.80{15)-l.4D(16) 

24 

32 

1586 

1.60(-14) 

1.42(-1S) 

10 

31J 

1.91 

1.82(1S)-1.39(16) 

25 

41 

1594 

1.77(-14) 

1.68(-IS) 

10 

31  8 

1.92 

J, 7 4(1 5)- 1.40(1 6) 

24 

35 

1593 

1,91(-14) 

1.40(-15) 

20 

22.1 

1.25 

1.12(15)-9.17(15) 

37 

40 

1705 

2.43(-14) 

3.15(-I5l 

20 

22.1 

1.25 

1.20(15)-9.09(15) 

38 

56 

1703 

1.84(-14) 

1.26(-15) 

10 

22.1 

1.25 

1.19(15)-9.25(15) 

38 

55 

1708 

1.94(-14) 

2.94(-15l 

10 

19.9 

1.14 

9.94(14)-8,47(15) 

41 

45 

1689 

3.79(-14) 

5.9I(-151 

20 

20.4 

1.17 

7.80(14)-6.32(15) 

55 

24 

1680 

2.01(-14) 

3  33(-1  5) 

20 

20.4 

1.17 

8.23(14)-6,41(15) 

55 

21 

1679 

1.53(-14) 

3  10(-I5) 

20 

16.9 

0.924 

7.24(14)-5. 74(15) 

60 

55 

1764 

1.34(-13) 

2.28(  -14i 

20 

16.9 

0.925 

7.01(14)-5. 68(15) 

60 

53 

1762 

1.01(-13) 

6.75) -15) 

10 

27.1 

1.50 

1.38(I5)-1.06(16) 

32 

58 

1740 

4.17(-I4) 

2.‘’4(-15i 

10 

27.1 

1.50 

l,41(15)-l,07(16) 

32 

59 

1745 

2.88(-l4) 

3.14(-!5i 

20 

19.1 

1.05 

8.28(14)-6.55(15) 

53 

121 

1759 

4.72(-14) 

9  221  -15) 

20 

19.1 

1.05 

7.97(14)-6  64(15) 

53 

II2 

1756 

4.88(-14) 

4.93(-l5i 

•10 

19.1 

1.06 

8  34(141-6  58(15) 

52 

82 

1747 

4,92(-14) 

5.67(-15) 

10 

19.1 

1.06 

8.71(14)-6,60(15) 

52 

71 

1739 

4.74(-l4) 

5.74(-15' 

10 

32.9 

1  84 

1.35(15)-1.05(16) 

33 

39 

1727 

2.77(-14) 

2.88(-15) 

10 

32.9 

1  84 

1.33(15)-1.02(16) 

33 

33 

1726 

3.04(-14) 

3,31(-I5i 

20 

31.4 

2.55 

1.87(15)-1.42(16) 

24 

35 

1190 

2.66(-15) 

3.42(-lb) 

20 

19.8 

1.61 

1.25(15)-9,14(15) 

38 

30 

1190 

1  32(-14) 

1.551  -15) 

20 

19.8 

1  61 

1. 18(151-9,28(15) 

38 

49 

1186 

1.53(-14) 

l.28(-15) 

20 

29.0 

2.39 

1  88(15)-1  36(16) 

25 

24 

1175 

7.09(-lS) 

7  52(  -lb) 

20 

22.6 

1.67 

1.28(15)-1.04(16) 

34 

23 

1307 

9,33(-15) 

l.67(  -  IS 

20 

29.7 

2.22 

1.32(15)-1.01(16) 

34 

10 

1291 

l.01(-14) 

1,85(  -15) 

The  measurements  are  reported  in  the  sequence  in  which  they  were  obtained. 
Ton  «  133.3  Pa.  [n  arbitrary  units.  ‘^Mn  cm^  molecule"' s'* . 
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versus  (COj  J  are  presented  in  table  1 .  Inspection 
tlw  data  in  table  1  shows  /fc  j  to  be  independent  of  P. 
[M]  and  the  experimental  parameters:  inlet  position, 
o’  (the  average  gas  velocity)  and  F  { the  initial  fluores¬ 
cence  intensity,  which  is  approximately  proportional 
to  the  initial  [AlCl]).  It  may  also  be  seen  that  is  in¬ 
dependent  of  the  position,  which  shows  that  the  AlCl 
consumption  measurements  are  not  measurably  in¬ 
fluenced  by  quenching  of  AICK  A)  by  CO, .  Tempera¬ 
tures  given  are  averages  of  the  temperatures  at  5  cm 
intervals  from  the  COi  inlet  position  to  the  observation 
plane.  The  standard  deviation  about  the  mean  gas  tem¬ 
perature  varied  from  ±3  to  ±17  K  depending  on  the 
reaction  conditions.  In  view  of  systematic  uncertain¬ 
ties  in  T  [2],aj  is  taken  as  25  K. 

While  at  least  some  curvature  may  be  expected  in 
an  Arrhenius  plot  covering  a  wide  temperature  range, 
within  the  scatter  of  the  present  results  a  normal 
Arrhenius  expression  k=  A  exp(-fl/D  provides  the 
best  weighted  least -squares  fit  [8]  taking  into  account 
and  a-j-.  The  resulting  rate  expression  is 

*1(7)  =  2.53  X  10"^^  exp(-7550  KJT) 

cm^  molecule"^  s"^.  (2) 

The  standard  deviation  for  *i(7)  determined  by  a 
standard  propagation  of  errors  technique  [8,9J  is 

-  W'4r  +  (0.1)2]‘^2 
with  variances  and  covariance 
a\  =4.08X  10"^^ 

o|  =9.58X10^. 


0^5  =  6.21  X  10^/4. 

In  the  determination  of  the  0.1  is  ojn,  the  sys¬ 
tematic  uncertainty  in  the  how  profile  factor  [2]. 
The  covariance  term  -o^gjA  T  must  be  taken  into 
account  in  the  determination  of  ,  since  A  and  B 
are  dependent  parameters  [9] .  The  resulting 
confidence  levels  are  ±23%  at  1 175  K,  ±16%  at 
1300  K,±l2%at  1550  K  and  ±15%  at  1775  K.  It 
should  be  noted  that  Oi^^(T)  represents  the  uncertain¬ 
ty  of  the  fitted  expression,  not  the  deviation  of  the 
measurements  of  . 


4.  Discussion 


AWr(298  K)  for  reaction  ( 1 ).  as  written,  is  - 1 4 
±  22  kJ  mor'  [10] .  Other  product  channels  would 
be  at  least  some  750  kJ  mol“'  endothermic  and  do 
not  need  to  be  considered  in  the  temperature  range 
investigated.  The  490  to  1750  K  HT  FFR  study  of 
the  reaction 


AlCl  +  0, 


OAICI  +  0 


( 3a) 


AlOj  +  Cl 


(3bl 


showed  a  strongly  concave  upward  Arrhenius-type 
plot  and  yielded  a  rate  coefficient  expression  (4) 

*2(7*)  =  1.3  X  10" exp(-3400  KJT) 


+  3.4X10"’  exp(-16100K/r) 


cm^  molecule"*  s  *. 

Since  neither  OAlCl  nor  AIO2  have  identified  elec¬ 
tronic  transition  spectra,  LIF  could  not  be  used  for 
positive  channel  identification.  However,  arguments 
were  advanced  in  that  work,  which  suggest  that  the 
first  term  in  the  *2(^  expression  essentially  desaibes 
the  behavior  of  channel  (3b)  and  the  second  term  that 
of  reaction  (3a).  The  second  term  becomes  dominant 
only  above  1650  K.  Since  it  is  thus  determined  over  a 
narrow  temperature  interval  it  has  a  large  associated 
uncertainty.  However,  this  term  clearly  involves  an  ac¬ 
tivation  energy  well  in  excess  of  the  28.3  kJ  mol"* 
of  the  first  term.  Such  a  large  activation  energy  for  a 
simple  exothermic  abstraction  reaction  (A//^(298  K) 
=  -47  kJ  mol"*  [101)  is  somewhat  unexpected.  The 
*1  (7)  expression  derived  in  the  present  work  shows 
that  there  is  a  considerable  barrier  for  OAICI  forma¬ 
tion  from  AlCl  and  thus  tends  to  strengthen  the  in¬ 
terpretation  of  the  study  of  reaction  (3).  An  HT  FFR 
mass  spectrometer  apparatus  is  currently  being  con¬ 
structed  and  should  allow  direct  product  identifica¬ 
tion. 

HT  FFR  studies  of 

AlO  +  CO2  -  AlO,  +  CO,  (4) 

AlO  +  02"*  AIO2  +0  ( 5 ) 

showed  slightly  negative  T  dependences  of  their  rate 
coefficients  from  500  to  1300  K  (5)  and  300  to  1 400 
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K  [6) ,  respectively.  Replacing  the  0  atom  in  AlO  with 
a  Cl  atom  thus  appears  responsible  tor  the  appearance 
of  major  barriers  in  the  reaction  potential  energy  sur¬ 
faces. 
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The  radiative  lifetime  1)1  ihe  \lt  '  \  H  ■  viaic  nas  ncen  uetermmed  b>  a  laser-induced  tluorescence  method  to  he  n  4  . 
s.  The  estimated  accurao  i.m. is  arc  -  a..  ’. 


1.  Introduction 

Few  radiative  lifetime  data  on  refractory  species 
are  currently  available,  compare  e  g.  Suchard  [  1  ]  and 
Huber  and  Herzberg  (2].  VVe  are  making  kinetic 
measurements  involving  such  species  in  a  high-tem- 
perature  fast-flow  reactor  iHTFFR)  using  laser- 
induced  fluorescence  iLIFi.  Recently.  AlCI  oxida¬ 
tion  reactions  [3,4]  have  been  studied  by  observing 
the.AlCl.A  'TI-X  'I '  (0.0)  transition.  Since  no  pre¬ 
vious  radiative  lifetime  studies  of  AlCU.A  Tl )  appear 
to  have  been  made,  we  have  now  extended  our  work 
to  provide  this  information. 

Preliminary  experiments  showed  that  the  17.5  ns 
fwhm  of  the  laser  pulse  and  the  10  ns  resolution  of 
the  signal  recording  equipment  somewhat  exceed  the 
AlCl  radiative  lifetime,  r..  The  first  difficulty  has 
been  addressed  by  Good  et  al.  [51.  whose  approach 
IS  used  here,  see  section  2  In  section  3  we  discuss  the 
implications  of  using  Good's  technique  with  the  10 
ns  resolution  of  the  recording  equipment. 


2.  Technique 

AlCl  is  produced  in  an  HTFFR  by  the  reaction  of 
trace  quantities  of  .Al  and  1 1.  m  Ar.  as  described 
elsewhere  [3.4].  A  pulsed  Lambda  Physik  EMG  101 
excimer/FL  2002  dye  laser  with  a  KDP  doubling 
crystal  and  coumarin  344  dye  is  used  to  induce  the 
fluorescence.  The  AlCl  A-.X  1 0.0)  transition  at  261.4 
nm  or  the  .Al  5  -S,  ;-3  -P  ;  transition  at  265.2  nm 


IS  used  for  fluorescence  excitation  and  observation. 
The  fluorescence  radiation  passes  through  a  262  r  1 3 
nm  I  fwhm)  interference  filter  and  is  measured  with 
an  EMI  9813QA  photomultiplier  tube  (  PMT)  with 
a  2.2  ns  nse  time.  The  output  of  the  PMT  is  sent  to 
a  Data  Precision  Analogic  6000/620  100  MHz  tran¬ 
sient  digitizer  via  a  LeCroy  VVIOOBTB  wideband 
pulse  amplifier.  Fluorescence  intensity,  laser  pulse 
and  background  measurements  are  made  following 
established  procedures  [6,7].  For  the  measurement 
of  the  laser  pulse.  .AlCl  production  is  terminated  and 
a  scattering  rod  is  placed  in  the  laser  beam.  By 
adjusting  the  rod,  the  scattered  laser  radiation  inten¬ 
sity  can  be  made  comparable  to  the  fluorescence 
intensity.  The  background  signal  is  then  obtained  bv 
removing  the  rod.  For  each  measurement,  an  aver¬ 
age  of  1000  pulses  IS  used. 

The  fluorescence  decay  constant  r  is  evalujied 
from  /(/).  the  fluorescence  signal  with  background 
subtracted,  and  ei  n.  the  laser  pulse  with  background 
subtracted,  by  the  iterative  convolution  method  • 
Good  et  al.  [  5).  A  :  IS  guessed  and  using  this  v.i:„e 
tin  IS  convoluted  with  the  response  funen  " 
/ii  r,  r)  =expl  -i, :).  to  obtain/j(  f ),  the  fluoresvcn. . 
signal  anticipated  to  be  observed  for  a  response  -von 
the  guessed  value  of  r.  f(f)  and  I'jt)  are  normalized 
to  their  maximum  value  and  the  summation 


IS  evaluated  and  then  minimized  by  successive 
approximations  for  r.  In  an  attempt  to  reduce  '.he 


LSQ=  1  L'(r)-'.(T)i'7a(f) 
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error  associated  with  the  numerical  convolution  to 
obtain  t'Ji).  a  1  ns  step  size  is  used  rather  than  the 
10  ns  step  size  of  the  digitizer.  To  achieve  this.  \al- 
ues  for  el  n  at  1  ns  increments  are  obtained  by  linear 
interpolation  from  the  10  ns  data.  Alter  the  convo¬ 
lution.  only  I'lin  at  the  lo  ns  resolution  of  'in  are 
used  in  minimizing  LSQ. 


3.  Results  and  discussion 

Fig.  1  shows  typical  fluorescence,  laser  and  back¬ 
ground  measurements  for  the  AlC  I  experiments.  The 
results  of  applying  the  iterative  convolution  method 
[5]  to  these  data  is  shown  in  tig.  1  For  comparison, 
the  laser  pulse  and  a  synthetic  tluorescence  signal  with 
r=  10  ns  are  also  shown  there. 

Thirty  measurements  of  r  for  AlCl  were  made  over 
a  wide  variety  of  experimental  conditions.  These  are 
presented  in  table  1  and  have  an  average  value  of  4.5 
ns.  To  amve  at  the  radiative  lifetime,  r,.  from  this 
r,  two  factors  need  to  be  considered.  The  first  is 
quenching  as  expressed  by 

r-'=rT'^  i 

/  «  f 

where  kg,  is  the  quenching  rate  coefficient  for  species 


Fig.  I  Plot  ol'evperimcncjl  Jaia  For I  Jn  ns  ihc  VICI  tlu¬ 
orescence  iniensily,  laser  pulse  and 
indistinguishable. 


I 

:c  f- 

c  i 

3  0  50  h 

i  I 

I  i 

o 

Z  i 

I 

3  i— ■ 

L_ 

0  ZO  ao  60  30  -20  '20  -aO  '60 

Time  ins) 

Fig.  2  Normalized  plots  of  1 1 )  the  least-squares  tit  of  the  Aid 
iluorescence  signal  and  (ii)  the  laser  pulse,  both  derived  from 
fig.  I.  with  the  background  subtracted.  Individual  data  points 
shown  are  for  the  observed  fluorescence  intensity  Also  shown  is 
the  decay  expected  for  r  =  10  ns. 

;  and  [.T,J  its  concentration.  For  CT.  if  a  maximum 
kgci:  =3x  10"'“  cm^  s"'  is  assumed  and  the  maxi¬ 
mum  [CK]  of  8 X  10'  -  cm"’  is  used,  r  "  '/^,ci;  [CT] 
=  9x10'*.  Hence  quenching  by  Civ  is  insignificant. 
The  same  argument  also  holds  for  .AlCI  since  the 
maximum  possible  [.AlCI]  is  twice  the  maximum 
[Cl:].  It  should  be  noted  though  that  [.MCI]  is  esti¬ 
mated  to  be  in  the  range  10'°  to  10"  cm"  Within 
the  scatter  of  the  data  no  quenching  of  .AlClf  A  i  hv 
Ar  IS  observed,  see  table  1.  This  is  as  expected  since 
the  maximum  [  Ar]  is  4x  10’’  cm "  'and  kg^,  has  been 
found  to  be  typically  less  than  10' cm’ s  ’  for  otner 
electronically  excited  species,  see  e.g.  refs.  [8-1  ' 
which  leads  to  r  kj^,l  Ar]  >6  '  lO’.  Thus  quenc-- 
ing  effects  are  negligible. 

The  second  factor  is  that  the  :  determined  - 
smaller  than  the  10  ns  resolution  of  the  digitizer  ; 
determine  the  influence  that  this  may  have  on  • 
computational  test  was  made.  Test  fluorescence 
decays.  C(  f.  :i.  were  generated  by  analytically  c>  n- 
voluting  a  test  excitation  function.  e^{i)  wuh  -.ne 
response  function,  hit.  r).  The  fwhm  of  ed /)  is  I  '  ' 
ns.  the  measured  fwhm  of  the  laser  pulse.  The  values 
for  e^i  r)  are  ( f  in  ns):  fcl  t)  =0  for  f<0  ( i.e  betore 
the  laser  pulse);  p^(j)=//!7.5  for  OsrsI'' 
t’.,!  f)  =  2  - f/ 1  ’.S  for  1 7.5  ^  f $  35;  e.,(f)  =0  for  35  ■ 
r  equal  to  5.  10.  and  15  ns  were  used  wuh  the 
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Table  I 

AlCl  A  n.  1  =0deca>  constant  measurements 


P  ( Torr  1 

(  Ar]  icm  1 

[Cl  1  icm  1 

/  1  K) 

r  1  ns ) 

:  1  ns  1 

12.4 

'  18  c  -  1  6  1 

3 

nib 

4  6.  4  3.  4  1.  4  2.  4  ' 

4  4 

24.6 

1  531  -  I’l 

■  5 1 1  -  1 2 1 

1296 

4  3.  4.5.  4  3.  4  3.  4  4 

4  4 

23  8 

M4l  -  1  ’1 

4  561  -  12) 

1186 

4  8.  4  6.  4  6.  4,5.  4  4 

4  6 

.U.9 

>  -  I  '  ) 

3  5’(  -  12) 

1  1  '3 

4.1.  3  8.  3.9.  3.9.  4.1 

4  <) 

19.9 

2  ini  -  1 ’) 

1  1  U  -  13) 

89 1 

4.8.  5.0.  4.9.  4  4.8 

4  8 

28.6 

3  111  -I'l 

1  6.31  -  13) 

887 

4.6.  4.3.  4.8.  4.’.  4.5 

4.6 

II 

u 

1  ♦ 

2(7  = '  1  o  )  ns 

I  Torr=  1 33.3  Pa. 


Table  2 

Test  radiative  lifetime  data 


Time  alter  start 
of  laser  pul  4,'  (ns) 

r  ins) 

r,,.,  =  5.0ns 

=  10 

r =  1 5.0  ns 

0.0 

2.7 

8.4 

14.2 

2.5 

2.8 

90 

14.6 

5.0 

3.1 

9  5 

15.6 

7.5 

2.8 

8.5 

14.7 

f.ji  (ns) 

2.9 

8.9 

14  8 

response  function.  To  mimic  the  10  ns  resolution  of 
the  digitizer, /b(f,  r)  and  et,(t)  were  divided  into  four 
groups,  starting  at  0,  2.5.  5.  and  7.5  ns  after  eb(i) 
becomes  non-zero,  with  successive  data  points  10  ns 
apart.  The  test  data  were  then  analyzed  as  if  it  were 
experimental  data.  The  results  of  this  test  are  given 
in  table  2. 

Examination  of  table  2  shows  that  as  the  r  used  to 
generate  the  test  data,  r  decreases  from  1 5  to  5  ns. 
the  T  determined  by  analysis  of  the  data.  r.^,.  is 
increasingly  underestimated.  Applying  a  linear 


regression  to  the  5  and  10  ns  results  yields  r,., 
=  ?T,.ji  -2.6  ns.  This  correction  when  applied  to  the 
experimental  results  yields  t,  =  6.4  ns. 

As  a  check  on  the  data  collection  and  analysis  pro¬ 
cedures.  Tp  of  .Al  5  -S|,:  was  measured  and  found  to 
be  20.8  ns,  see  table  3.  Within  the  scatter  of  the  data 
no  quenching  of  excited  .Al  by  Ar  is  observed.  The 
observed  lifetime  is  larger  than  1 5  ns.  thus  as  may  be 
seen  from  table  2  no  correction  to  this  value  is  nec¬ 
essary.  T,  for  Al  5  -S,,;  agrees  within  experimental 
error  with  the  recommendation  of  Wiese  et  al.  [  1 1  ]. 
who  give  a  value  of  25.2  ns  with  an  estimated  accu¬ 
racy  of  ±25%  and  the  LIF  work  of  Jonsson  and 
Lundberg  [6],  who  give  24±4  ns.  Based  on  this 
comparison  of  Al  values  we  conservatively  assign  a 
r40%  accuracy  to  r,  .AlCl  .A  'll.  t  =  0. 

Finally,  it  is  interesting  to  note  that  the  value  of 
7rau  of  AlCl  (A  'n )  is  considerably  shorter  than  that 
of  the  isoelectronic  species  BC1(.A  TI ).  for  which  a 
fraj  of  1 9. 1  ±  2.0  ns  has  been  reported  [1,12]. 


Table  3 

Al  5  S  :  deca>  consiant  measuremenis 


/’(Tom  lAr|(cm  1  TiKl  rlnsi  r  I  ns  i 


20.6  ln:i-r)  1230  20  2  I  2.  2 1 . 1 .  2 1. 1 .  2  I  2  211 

33.9  2  'Oi-r)  1211  210.20  5.20.4.20.4.20.3  20.5 

12.0  l02(-r)  1134  21.0.20.8.20,3.20,5.20.’  20.8 

29.9  2  58i-l’l  1118  20.8.  20.’.  20.’.  20,8.  20.5  20.^ 


f  =  20.8  1  r  2(7  =  0  6 1  ns 
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A  method  for  the  production  of  BC  I  in  ilo*  svsiems  has  been  developed  and  used  for  the  study  of  the  title  reaction  in  a  high- 
temperature  fast-flow  reactor  i  HTFFR  i  The  temperature  dependence  of  the  rate  coefficients  is  descnbed  by  the  expression 
it  D  =  2.2x  10“ ' '  expl  -4620  KO  Fi  cm  molecule '  ‘  s  .  consistent  with  a  single  reaction  mechanism  for  ihe  given  temperature 
range.  These  k{  T)  values  are  larger  than  those  observed  for  the  isoelectronic  -MCl-i-O;  and  BF  +  O;  reactions. 


1.  Introduction 

The  kinetics  of  homogeneous  gas-phase  oxidation 
reactions  of  several  metallic  species  have  been  in¬ 
vestigated  over  wide  temperature  ranges  using  the 
HTFFR  technique  [1-4].  We  have  now  initiated 
studies  of  boron  species.  The  first  measurements 
concern  the  reaction  of  BCl  with  O;  from  540  to  1670 
K.  We  compare  its  In  k(  T)  versus  T  " '  behavior  to 
that  of  the  AlCl/O:  [4]  and  the  BF/0:  ( 5  ]  reactions. 
There  are  apparently  no  previous  studies  of  the  ki¬ 
netics  of  BCl  reactions. 


2.  Technique 

The  basic  measurements  and  procedures  followed 
here  have  been  described  previously  [3.4].  The  re¬ 
actor  has  been  slightly  modified  for  the  production 
of  BCl.  It  IS  shown  schematically  in  fig.  1.  A  vertical 
reaction  tube  is  heated  by  SiC  resistance  heating  ele¬ 
ments  inside  an  insulated  vacuum  housing.  In  the 
present  work  a  mullite  (McDanel  MV  30)  and  a 
quartz  (Finkenbeiner-GE  semiconductor  grade)  re¬ 
action  tube  have  been  used.  A  number  of  concep¬ 
tually  promising  methods  for  producing  steady 
measurable  concentrations  of  BCl  have  been  inves¬ 
tigated  here.  Only  one  led  to  consistent  results  and 
was  used  for  this  work;  the  production  of  BCl  by 
passing  Ar  containing  10  to  30  ppm  (v/v)  B;Hftand 


OXIDANT 


Fig.  I  Schematic  of  the  HTFFR. 

10  to  240  ppm  (  v/v)  Cl;  through  a  microwave  dis¬ 
charge.  The  oxidant  O;  is  introduced  through  a  mov¬ 
able  inlet  system  of  the  same  material  as  the 
particular  reaction  tube.  Oxidant  inlet-to-window 
plane  distances  of  10  and  20  cm  are  used.  .A  small 
fiow  of  argon  is  introduced  with  the  O;  to  improve 
the  response  time  to  changes  in  [O;]. 

The  relative  concentration  of  the  BCl  is  measured 
by  laser-induced  fluorescence  using  the  A  Tl-X  I 
(0.  0)  transition  at  272.0  nm.  The  frequency-dou¬ 
bled  radiation  of  a  Lambda  Physik  EMG  101 
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Table  I 

Summary  of  rate  coefficient  measurements  of  the  BCI  +  0.  reaction 


Oxidant 
inlet  position 
(cm) 

P 

(Tom  ■" 

(Ml 

1 10  '’  cm  ■  ' ) 

[O;)  range 

1 10"* cm  ■  ') 

1 

( m  S'  ) 

F  ’ 

T 

(  K) 

k  " 

Z'7  ' 

;o 

18.9 

23.2 

-7.67-28.5 

25 

'9 

'85 

*(.55 

U  90 

;o 

18.9 

22.9 

4.35-28.8 

25 

80 

'96 

10.90 

1.03 

10 

18.9 

23  0 

4.18-28.7 

25 

164 

•’94 

'.91 

i.r 

10 

18.9 

23.0 

4  00-30.1 

25 

181 

794 

6.83 

0.'6 

10 

12.0 

14,4 

2.44-18.5 

40 

208 

■’yy 

9.10 

1  3- 

to 

12.0 

14.4 

2.58-1  ■'  8 

21 

221 

806 

9.35 

1.08 

20 

12.0 

14  2 

2  4-'-18.3 

41 

99 

817 

7.'1 

0.91 

20 

12.0 

14.0 

2.63-18.0 

41 

104 

825 

8.35 

1.26 

20 

10.9 

9  98 

1  81-13.7 

53 

123 

1051 

31.5 

3  52 

20 

10.9 

9  92 

1.83-13.9 

53 

107 

1057 

37.0 

4,03 

10 

10.9 

9.96 

1.79-14.5 

52 

167 

1056 

25.3 

3.08 

10 

10.9 

9.87 

1.82-13.9 

53 

159 

1064 

29.7 

3.39 

10 

10.9 

9,83 

1.64-14.0 

53 

142 

1068 

31.1 

3.93 

10 

10.9 

9,76 

1.85-13.8 

54 

150 

1077 

33.6 

3.79 

20 

10.9 

8.57 

1.67-11.9 

61 

50 

1224 

49.8 

5  85 

20 

10.9 

8.55 

1.83-11.8 

60 

45 

1226 

57.0 

6.85 

10 

10.8 

8.59 

1.60-12.2 

61 

68 

1218 

53.8 

6.07 

10 

10.8 

8.59 

1.67-11.7 

61 

65 

1218 

55.5 

6.19 

10 

13.3 

10.6 

1.31-9.03 

81 

69 

1207 

37.1 

3.89 

10 

13.3 

10.6 

1.31-8.88 

81 

73 

1215 

50.6 

4.80 

20 

13.4 

10.5 

1.47-9.01 

81 

57 

1225 

59.8 

5.04 

20 

13.4 

10  5 

1.19-8.90 

82 

54 

1225 

63.2 

5.18 

20 

20.4 

13.9 

1.17-9.43 

62 

79 

1412 

96,0 

6.85 

20 

20.4 

13.9 

0.77-6.20 

62 

95 

1419 

124.0 

8.80 

10 

20.4 

14.0 

1.57-11.5 

62 

111 

1412 

85.9 

8.85 

10 

20.4 

14.0 

1.80-11.7 

61 

103 

1410 

80.8 

6.76 

10 

16.3 

112 

1.22-9.45 

77 

67 

1409 

84.5 

7,2'’ 

10 

16.4 

1  l.l 

1.25-9.45 

77 

59 

1418 

79.1 

6.39 

20 

16.3 

11.0 

1.16-9.07 

78 

57 

1430 

85.1 

6,32 

20 

16.4 

11.1 

1.22-9.32 

78 

51 

1431 

80.2 

6.08 

10 

11.8 

6.83 

0.83-5.43 

70 

10 

1662 

161 

27.1 

10 

13.3 

7.72 

1.12-7.84 

93 

18 

1660 

145 

14  3 

10 

13.4 

7  81 

1.21-7.74 

92 

19 

1658 

179 

1'  6 

10 

16.5 

9  61 

1.01-7.39 

99 

43 

1656 

139 

1  1  6 

10 

16.5 

9  63 

1.13-7  72 

99 

47 

1651 

172 

13  0 

20 

15  3 

8.84 

0.80-6.87 

108 

41 

1668 

117 

10  6 

20 

15.3 

8  85 

1.08-6.84 

107 

36 

1665 

118 

10  8 

20 

14.0 

12.9 

1.81-14  3 

53 

’0 

1044 

22.3 

2  42 

20 

13.9 

12.9 

1.95-13.5 

53 

74 

1042 

25.4 

2  16 

10 

14.0 

12.8 

1  74-14  2 

53 

133 

1060 

19 

2  36 

10 

14.0 

12.7 

1.99-13.7 

53 

139 

1064 

23.2 

2  44 

10 

31.2 

29  2 

2.36-18.4 

40 

201 

1029 

19,2 

2  38 

10 

31.1 

290 

2.27-18  2 

41 

214 

1032 

21.7 

1.90 

20 

26.6 

25.1 

1.95-15.8 

47 

136 

1020 

32.0 

I  95 

20 

26.6 

25.1 

2.15-15.5 

47 

147 

1021 

31.2 

2  41 

20 

12.6 

13.5 

2.71-19.1 

38 

58 

904 

8.74 

0  994 

20 

12.6 

13  5 

2.80-19.6 

38 

74 

900 

13.0 

1  43 

10 

12.6 

13  4 

2.53-19.3 

38 

116 

908 

8.56 

1  O' 

10 

12.6 

13.4 

2.73-19.2 

38 

110 

912 

9.71 

1  36 

10 

20.7 

22.3 

2.35-18.0 

41 

218 

896 

9.26 

0.912 
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Table  I  (continued) 


Oxidant 
inlet  position 
(cm) 

P 

(Torr)  " 

(Ml 

1  lO'-cm  ') 

(0-1  range 
ll0'*cm‘) 

i' 

t  m  s" ' ) 

F' 

T 

IK) 

;  ■" 

:<T-" 

10 

20.1 

22.4 

2.44-18.3 

41 

214 

891 

9  29 

U.902 

20 

20.^ 

22  S 

2.40-18.1 

40 

116 

879 

P.8 

121 

20 

20.7 

22.6 

2.87-I7.S 

41 

1 19 

885 

16.9 

1,08 

20 

12.6 

r.5 

3  25-24.8 

30 

101 

696 

3.93 

0435 

20 

12.6 

17  6 

3.12-25.4 

30 

107 

689 

4.26 

0.524 

10 

12.6 

r.6 

3.55-24.9 

30 

120 

693 

3.60 

0.563 

10 

12.6 

P  8 

3.39-26.0 

30 

133 

683 

4.16 

0.528 

10 

15.8 

3.47-23.6 

31 

151 

673 

3.06 

0.'45 

10 

15.8 

22.6 

3  31-23.0 

32 

120 

675 

3.44 

0,405 

20 

7,6 

’  23 

1  85-14.7 

50 

54 

1008 

26.3 

4.20 

20 

7.5 

'  26 

2.07-12.0 

50 

51 

1003 

25.8 

4.14 

10 

7.6 

'.30 

2.12-14.5 

49 

77 

1002 

19.1 

3.13 

10 

7.6 

'  32 

2.18-14.9 

49 

76 

1000 

19.4 

3.20 

20 

11.2 

17.8 

12.3-59,8 

42 

40 

610 

1.07 

0.122 

20 

11.2 

17.8 

12.3-58.0 

42 

41 

611 

1.14 

0.195 

10 

11.2 

18.4 

12.9-58.8 

41 

39 

591 

0.65 

0.109 

10 

11.3 

18.2 

13.1-61.8 

42 

37 

599 

1.19 

0.164 

10 

27.8 

45.6 

17.7-78.6 

30 

40 

588 

1.16 

0.290 

*'  The  measurements  are  reported  in  the  sequence  m  which  they  were  obtained. 
1  Torr=  133.3  Pa.  "  In  arbitrary  units.  In  10"'*  cm*  molecule'' s"'. 


excimer/FL  2002  dye  laser  is  used  to  pump  this  tran¬ 
sition.  The  fluorescence  is  observed  through  a  270 
nm  ( 24  nm  fwhm)  interference  filter.  The  gases  used 
are  Ar  (99.999%,  UHP)  from  the  liquid,  O,  (99.6%, 
zero  grade).  Cl:  (high-purity  grade  and  1.0l%inAr, 
custom  grade)  all  from  Linde,  and  diborane  (1.08% 
in  Ar,  semiconductor  grade )  from  Matheson. 


3.  Results 

Plots  of  in  (BClJrjiai.ve  vcrsus  (O;]  for  fixed  re¬ 
action  zone  lengths  yield  straight  lines  with  slopes 
-  kt,  where  t  is  the  reaction  time,  k  at  each  experi¬ 
mental  condition  is  determined  by  using  a  weighted 
linear  regression  [2.4],  From  this  treatment  the  ir* 
associated  with  each  k  is  calculated.  Experimental 
data  are  obtained  from  540  to  1670  K.  Below  about 
540  K  the  BCl  fluorescence  signals  are  too  weak  and 
unstable  to  allow  meaningful  observations. 

Sixty-eight  k  measurements  have  been  made  with 
the  mullite  and  sixty  with  the  quartz  reaction  tube. 
The  data  from  the  mullite  tube  experiments  are  given 


T,  K 


2000  1000  500  400 


Fig.  2.  Plot  of  the  rate  coefficients  obtained  for  the  BCl  +0..  re. 
action.  •.  mullite  reaction  tube;  + .  quartz  reaction  tube 
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in  table  1.  An  Arrhenius  type  plot  of  these  results 
along  with  the  quartz  tube  data  is  shown  in  fig.  2. 
The  two  data  sets  are  in  agreement:  the  measure¬ 
ments  made  in  the  quanz  tube  are  therefore  not  sep¬ 
arately  tabulated.  It  may  be  seen  from  table  I  that 
the  values  of  k  are  independent  of  average  total  con¬ 
centration  [M]  vaned  from  TKlO'^to  47x10'* 
cm"’,  average  velocity  v  varied  from  13  to  107  m 
s" '  and  F,  the  BCl  fluorescence  intensity  at  the  low¬ 
est  [O2]  used.  In  addition  k  is  independent  of  re¬ 
action  zone  length.  Within  the  scatter  of  the  data.  fig. 
2.  no  deviation  from  the  normal  Arrhenius  equation 
k(T)=A  expt  —BIT)  is  evident.  A  least-squares  fit. 
weighted  using  a,,  and  ffr,  yields 

/r(r)  =  2.24xl0-"  exp(-4620Ky7') 

cm’ molecule"' s“'  (1) 

with  variance  and  covariances  [3.4.6,7):  a  ^  = 
Xl0"’.4’,  fffl=8.62x  10’,  (7^8=7. 65/1.  For  the  fit¬ 
ting  expression  ( 1 )  the  resulting  2<t*(  T)  confidence 
levels  which  include  a  10%  systematic  error  in  the 
flow  profile  factor  [2,8]  vary  from  ±27%  at  540  K 
to  ±21%  in  the  range  900-1670  K.. 


4.  Discussion 

Two  paths  should  be  considered  for  the  observed 
reaction: 

BCl-(-0:-.0BCH-0.  (2) 

BCH-Oj-OBO-t-Cl .  (3) 

Both  channels  are  spin  allowed  and  exothermic  with 
A//?:,,  values  of  -208  and  -305  kJ  mol"',  re¬ 
spectively  [9].  On  the  basis  of  the  current  infor¬ 
mation  we  cannot  distinguish  between  these  channels, 
though  the  magnitude  of  the  pre-exponential  in  eq. 

( 1 )  suggests  the  simple  O-atom  abstraction  reaction 

( 2 )  as  the  most  likely  path.  By  contrast,  for  the  re¬ 
action  of  the  isoelectronic  species  ,AIC1  with  O;  a 
strongly  curved  Arrhenius  plot  was  obtained,  cf.  fig. 
3.  That  result  has  been  tentatively  attributed  to  a 
change  in  mechanism  (4).  The  linear  .Arrhenius  plot 
obtained  for  the  BCl  -i-  O;  reaction  thus  appears  to 
suggest  that  no  change  in  dominant  mechanism  oc¬ 
curs  over  the  temperature  range  investigated.  Mass 
spectrometry  experiments  are  planned  to  identify  the 


",  K 

2000  CCO  500  ‘iCO 


r 


I - ^ - 1 - 1 — _i _ I _  I  I 

0  50  0T5  1 00  125  150  175  2  00  2.25  2  50 


10^/ T,  K-' 

Fig.  3.  Comparison  of  rale  coefnciems  of  the  BCl+O;  reaction 
totheAICl+0;  [4]  and  BF+O;  [5]  reactions. 


products  of  both  the  BCl  and  AlCl  reactions  at  a 
number  of  temperatures. 

The  BCl+O:  reaction  may  be  seen  from  fig.  3  to 
be  faster  than  the  AICI+O2  reaction  over  the  tem¬ 
perature  range  investigated.  Similarly.  BCl-rO;  is  at 
least  an  order  of  magnitude  faster  than  the  BF+O,. 
reaction,  which  has  been  investigated  from  675  to 
1035  K  by  Light  et  al.  [5].  Over  that  limited  tem¬ 
perature  range  no  deviation  from  a  linear  Arrhenius 
plot  is  evident  for  that  boron  halide  reaction  either " 

A  more  extensive  comparison  between  B  and  Al 
radical  oxidation  kinetics  is  underway  in  our 
laboratory. 
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High- Temperature  Fast-Flow  Reactor  Kinetics  Studies  of  the  Reactions  of 
Ai  with  CI2*  with  HCt ,  and  AtCi  with  over  Wide  Temperature  Ranges 

Donald  F.  Rogowski/  Paul  Marshall,  and  Arthur  Fontijn* 

High- Temperature  Reaction  Kinetics  Laboratory,  Department  of  Chemical 
Engineering,  Rensselaer  Polytechnic  Institute  Troy,  New  York  12180-3590 

The  HTFFR  (High-Temperature  Fast-Flow  Reactor)  technique  has  been  used  to 
measure  rate  coefficients  for  the  title  reactions  under  pseudo-first-order 
conditions.  The  relative  concentrations  of  the  minor  reactants  (At-species) 
were  monitored  by  laser-induced  fluorescence.  The  following  k(T)  expressions 
in  cm^  molecule'^  s  ^  are  obtained:  At  +  Ct2  ♦  AtCi  +  Ct ,  kj(T)  »  7.9  x  10 
exp  (-780  K/T)  between  425  and  875  K;  At  +  HCt  -*■  AiCt  +  H,  k2(T)  -  1.5  x  10"^° 
exp  (-800  K/T)  between  475  and  1275  K;  AtCt  +  Ci^  *  AlCt2  +  Ct,  k2(T)  « 

9.6  X  10"^^  exp  (-610  K/T)  between  400  and  1025  K.  Confidence  limits  are 
given  in  the  text.  Indications  are  obtained  that  the  expressions  for  kj(T) 
and  k^lT)  are  approximately  valid  to  at  least  1300  and  1700  K,  respectively. 
The  results  are  discussed  in  terms  of  a  harpooning  mechanism  and  a  modified 
form  of  collision  theory,  which  takes  account  of  long-range  attractive  poten¬ 
tials  and  conservation  of  angular  momentum. 


t  Present  Address:  Westvaco  Research  Center,  Covington,  VA  24426 
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1.  Introduction 

The  temperature  dependence  of  the  kinetics  of  oxidation  reactions  of 
metallic  free  radicals  represents  a  little  studied  subject,  of  great  practical 

importance.^  Theoretical  understanding  and  predictive  ability  are  far  less 

2  3 

than  for  C/H/O/N  type  reactions,  ’  for  which  a  still  inadequate,  but  much 
larger,  experimental  data  base  is  available.  We  are  engaged  in  providing  an 
extensive  set  of  rate  coefficient  data  for  At  species.  Earlier  results  on 
reactions  of  At  and  AtO  with  oxygen  oxidizers  have  been  summarized.^  Most 
recently,  measurements  on  the  reactions  of  AiCi  with  O2  and  CO2  have  been 

A  C 

reported.  Together  these  reactions  show  an  interesting  variety  of  in  k  vs. 

-1  5 

T  relations,  including  approximately  Arrhenius,  zero  or  small  negative 

activation  energies and  concave  upward,  best  approximated  by  double 
experimental  expressions.  ’  Reasonable,  if  not  always  conclusive,  _a 
posteriori  explanations  for  all  these  cases  can  be  given. ®  In  the  pre¬ 
sent  work,  this  effort  has  been  extended  to  include  the  reactions 


Al  +  CI2 

At  Cl  +  Cl 

.Hr  = 

-260  kj  mol"^ 

(1)^ 

Al  +  HCl  + 

AlCl  +  H 

AHr  = 

-71  kJ  moT^ 

(2) 

AlCl  +  CI2 

*  A1CI2  +  Cl 

.Hr  = 

-108  kJ  moT^ 

(3) 

Over  the  present  temperature  ranges  these  reactions  show,  within  experimental 
error,  no  deviation  from  linear  Arrhenius  m  k(T)  vs  T  ^  dependences. 

2.  Technique 

The  basic  reactor  design  and  methodology  of  the  HTFFR  technique  have  been 
discussed^^  and  details  of  the  most  recent  design  modifications  have  been 
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described/’^’^^  The  reactor  used  here  consists  of  a  60  cm  long,  2.2  cm  i.d. 
vertical  mulllte  reaction  tube,  surrounded  by  resistance  heating  elements, 
contained  in  an  insulated  vacuum  housing.  It  has  a  usable  temperature  range 
from  about  400  to  1800  K.  Upstream  of  the  reaction  zone  free  Ajt  atoms  are 
vaporized  from  an  Ai-wetted  tungsten  coil  at  about  1100  to  1300  K  and  are 
entrained  in  Ar  bath  gas.  This  coil  can  be  resistance-heated  directly  from  an 
independent  power  supply.  For  AtCt  reactant  production  a  trace  of  typi¬ 
cally  <0.005X  of  the  Ar  flow,  is  added  to  the  bath  gas.  In  earlier  experi¬ 
ments  it  has  been  shown  that  this  AiCi  formation  takes  place,  at  least  in 
part,  from  reaction  (1)  in  the  gas-phase.^  Further  downstream  CI2  or  HCi  is 
introduced  through  a  movable  inlet,  situated  at  20  or  10  cm  upstream  from  the 
observation  plane.  Relative  At  and  AtCt  concentrations  at  this  plane  are 
monitored  by  laser-induced  fluorescence  using  a  pulsed  Lambda  Physik  EMG  101 
excimer/FL  2002  dye/KDP  doubling  crystal  combination,  with  coumarin  344  dye. 

At  is  pumped  and  observed  on  the  ^  Sj^2-3  ^1/2  T'^a'isition  at  262.5  nm.  For 
AtCt  the  261.4  nm  A-X  (0,0)  trinsition  is  similarly  used.  To  effectively 
remove  interference  from  the  hot  reactor  walls,  a  262  nm,  13  nm  FWHM  filter  is 
placed  in  front  of  the  EMI  9813  QA  photomultiplier  tube  for  all  these  obser¬ 
vations.  The  gases  used  are  Ar  from  the  liquid  (99.998%)  and  Ct2  (99.5%) 
through  the  bath  gas  inlet,  and  1%  Ct2  (99.5%)  in  Ar  (99.998%)  or  5%  HCt 
(99.995%)  in  He  (99.999%)  through  the  oxidant  inlet. 

Plots  of  4n[At]^gTg^^yg  or  tnC^tCtl^gTat^yg  versus  [Ct2]  or  [HCt]  for 
fixed  reaction  zone  lengths  (fixed  oxidant  inlet  positions)  yield  straight 
lines  with  slopes  -kt,  where  t  is  reaction  time,  k  at  each  experimental  con¬ 
dition  is  determined  by  a  weighted  linear  regression. From  this  treat- 
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tnent  a  a|^  associated  with  each  k  is  found.  The  uncertainty  in  temperature  is 
estimated  as  ■  ±25  K.^’^  The  temperature  dependences  of  the  rate  coef¬ 
ficients  for  reactions  (1-3)  are  best  described  by  the  equation 

k(T)  =  A  exp  (-B/T)  (4) 

The  parameters  for  this  fit  expression  are  obtained  using  regression  tech- 
niques,  which  account  for  and  oj.  *  Since  A  and  B  are  dependent  parame¬ 
ters,  determination  of  the  uncertainties  of  the  fit  requires  the  covariance 

2  2  13 

as  well  as  the  variances  and  Og  ,  Then,  a  standard  deviation  for 
the  fit  may  be  assigned, 

=  k(T)  [(o;^/A)^  -  2  a^g/AT  +  (ag/T)^  +  (5) 

In  this  expression,  the  term  0.1  represents  a^/n,  the  assigned  systematic 
uncertainty  for  the  flow  profile  factor  The  resulting  ±  2  uncer¬ 

tainties  are  given  in  the  figures  showing  the  data  for  the  individual  reactions 

3.  Results 

The  measured  individual  rate  coefficients  for  reactions  (1)  through  (3), 

and  the  conditions  under  which  they  were  obtained,  are  given  in  Tables  I 

through  III,  respectively.  It  may  be  seen  that  these  rate  coefficients  are 

independent  of  [fT]  tbe  average  total  concentration,  1p  the  average  pressure, 

7,  the  average  gas  velocity  and  the  oxidant  inlet  to  observation  plane 

distance,  i.e.,  the  observed  reaction  zone  lengths  of  10  or  20  cm. 

The  forty  rate  coefficient  measurements  for  the  At  +  Ct2  reaction  (1) 

between  425  and  875  K  give  kj(T)  =  7.85  x  10“^*^  exp(-779  K/T)  cm^  molecule’^  s' 

2  2  2 

with  associated  variances  and  covariance,  cf,  eq.  (4),  =  2.31  x  10"  x  , 
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=•  1.45  X  10^  X  A,  and  =  9.45  x  10^.  For  the  Ai  +  HCi  reaction  (2)  the 

fifty-three  measurements  from  475  to  1275  K  result  In  k2(T)  =  1.52  x  10'^^ 

exp(-803  K/T)  cm^  molecule'^  s"^,  with  oj^  =  1.21  x  10  ^  x  A^,  a^g  =  8.98  x  A, 

and  Og  »  7.24  x  10  .  For  the  AtCi  +  0^2  reaction  (3)  the  sixty  measurements 

spanning  the  400  to  1025  K  temperature  range  yield  kg(T)  =  9.56  x  lO"^^ 

1  2  3  2 

exp(-613  K/T)  cm^  molecule"^  s‘  ,  with  =  7.38  x  lO"  x  A  ,  a;^g  = 

4.49  X  A,  and  ag^  =  3.01  x  10^. 

The  magnitudes  of  the  rate  coefficients  obtained  at  the  low  pressures  used 

in  this  investigation  indicate  that  the  reactions  are  bimolecular.  The  paths 

given  in  Eqs.  (1)  to  (3)  represent  the  only  channels  accessible  from  ther- 

g 

mochemical  considerations.  Reaction  (1)  was  used  as  the  AtCt  production  reac¬ 
tion  for  reaction  (3),  see  Section  2,  thus  the  LIF  experiments  on  the  latter 
reaction  confirm  AtCi  as  a  product  species  of  the  former, 

A  number  of  additional  measurements  were  made^^  on  reactions  (1)  and  (2) 
at  temperatures  where  the  Ci2  and  HCt  equil ibrium  dissociation  exceeds  lOJ. 
These  data  were  therefore  not  used  in  the  above  k(T)  calculations.  However, 
no  significant  deviations  from  the  extrapolated  kj(T)  were  observed  till  about 
1300  K,  Further  increases  in  temperature  lead  to  a  rapid  decrease  in 
kj  values,  indicative  of  Ct2  dissociation.  The  k^  measurements  showed  no  such 
drop-off  to  1715  K,  the  highest  temperature  investigated.  It  therefore  is 
probable  that  the  k^(T)  and  k2(T)  expressions  given  are  applicable  at  least  up 
to  these  respective  limits. 

4.  Discussion 

The  rate  coefficients  and  the  fit  expressions  are  shown  in  Figs.  1 
through  3.  Within  the  scatter  of  the  data,  no  definite  curvature  in  the 
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Arrhenius  plots  can  be  detected.  Since  the  rate  coefficients,  especially 
those  of  reaction  (1),  are  close  to  gas  kinetic,  no  sharp  upward  curvature 
with  increasing  temperature  would  have  been  expected. 

There  apparently  have  been  no  previous  experimental  measurements  of  reac¬ 
tions  (1-3).  However,  a  theoretical  study  by  Mayer,  Schieler  and  Johnston, 
who  used  a  modified  BEBO  method,  predicted  kj{T)  »  2.8  x  10"^^ 
exp(-6800  K/T)  and  k^d)  =  5.5  x  10'^^  exp(-3900  K/T)  cm^  molecule'^  s‘^, 

respectively,^^  These  values  are  several  orders  of  magnitude  lower  than 
measured  here  and  predict  too  strong  a  temperature  dependence.  While  the 
BEBO  approach  has  led  to  agreement  with  experimental  data  for  some  H-atom 
transfer  reactions  at  1000  K  and  above, for  reactions  involving  metal 
atoms,  such  as  At,  other  approaches  are  needed. 

4.1  At-Atom  Reactions  (1)  and  (2) 

The  pre-exponential  factor  for  reaction  (2)  is  typical  for  atomic 
metathesis. By  contrast  reaction  (1)  has  a  significantly  larger  pre¬ 
exponential,  which  is  consistent  with  an  electron-jump  mechanism.  The  simple 

1  O 

harpoon  model  predicts  that  electron  transfer  will  occur  at  a  separation 
r^  where 

IP(At)  -  =  e^/AirCgr^.  .  (6) 

1  Q 

Using  values  for  the  ionization  potential  IP  of  of  5.986  eV  and  for  the 
vertical^®  electron  affinity  EA  of  of  1.02  eV,^^  we  calculate  a  reaction 
cross  section  <j  =  nr^  of  0.26  nm”^.  This  is  in  accord  with  the  mean  cross 

2 

section  at  the  mid-point  of  the  experimental  temperature  range,  o  =  0.28  nm  . 

An  alternative  interpretation  of  the  At-atom  reactions  can  be  based  on 
collision  theory.  The  reaction  cross  section  from  simple  collision  theory  in 
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terms  of  the  collision  diameter  d,  the  collision  energy  Ej  and  the  energy 
threshold 


®SCT  “  ° 

=  iTd2 


<  ^0 


>  ^0 


(7) 


In  order  to  estimate  d  we  take  account  of  long-range  attractive  potentials  of 

the  form  V(r)  *  -Cg/r®.  The  maximum  impact  parameter  leading  to  colli- 

22 

Sion  Is  given  by 

=  (3/2)^/^  (3  Cg/E^)^/^  .  (8) 

2 

Because  is  only  weakly  dependent  on  Ej  we  shall  employ  Plane  and 

2  2 

Saltzman's  approximation  and  set  d‘  equal  to  b^^^  at  the  mean  collision  energy 

of  the  experiments.  Integration  of  Eq.  (7)  over  a  thermal  energy  distribu- 

22 

tion  yields  the  standard  result 

kscT(T)  =  ird^  (8kgT)/iru)^^^  exp(-Ep/RT)  .  (9) 

For  reaction  (1)  Cg  is  estimated  via  the  SI ater- Kirkwood  expression:^^ 

Cg  =  2.48  X  10’^®  +  (02/02)^^^]  J  (10) 

where  and  02  are  the  polarization  volumes  for  the  reactants  expressed  in 
units  of  10  cm"'  and  and  n2  are  the  number  of  outer  shell  electrons. 

The  a  values  for  Ai  and  0^2^^  ^®3d  to  Cg  =  4.25  x  10"^^  J  m®  and  hence 
ird^  “  0.87  nm^.  We  fit  E^  to  the  experimental  value  of  kj  at  650  K  and  find 
Eg  =  6.1  kj  mol'^.  With  this  value  Eq.  (9)  agrees  with  the  experimental  fit 
to  kj(T)  to  within  15?  over  the  temperature  range  studied. 

We  may  now  apply  this  simple  collision  theory  to  reaction  (2).  In  order 
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to  calculate  C,  for  a  system  involving  dipole-induced  dipole  forces,  these 
6 

25 

forces  are  taken  Into  account  by  an  additional  term 

Cg  =  p^o/AifCQ  J  m^  (11) 

where  o  Is  the  polarizability  volume  of  At  and  p  the  dipole  moment  of  HCt. 
Equations  (10)  and  (11)  yield  contributions  to  the  total  Cg  coefficient  of 
2.48  X  10"^^  and  9.7  x  10"^^  J  m®,  respectively.  The  resulting  wd^  Is  0.67 
nm  which  would  Imply  a  pre-exponential  factor  from  Eq.  (9)  about  5  times 
larger  than  observed  for  reaction  (2).  The  discrepancy  may  be  due  to  effects 
from  conservation  of  angular  momentum.  Gtonzilez  Urena  et  aj_.  have  shown  that 
among  exothermic  atom-diatomic  molecule  reactions  with  low  barriers,  those 
which  have  a  ratio  of  the  reduced  mass  of  the  products  to  that  of  the  reac¬ 
tants  considerably  smaller  than  1  may  have  a  reduced  cross  section  and  hence  a 
rate  coefficient  smaller  than  predicted  by  Eq.  (9).  For  reaction  (2)  this 

ratio  Is  0.063.  This  can  be  contrasted  to  reaction  (1)  where  this  ratio  is 

26 

1.2  and  no  angular  momentum  restrictions  arise. 

For  the  reaction  heavy  +  heavy-light  -►  heavy-heavy  +  light  the  departing 

light  atom  carries  little  angular  momentum.  Conservation  of  angular  momentum 

requires  therefore  that  the  Initial  orbital  angular  momentum  of  the  reactants, 

2  1/2 

which  Is  equal  to  (2uE^b  )  ,  Is  almost  completely  converted  to  product 

rotational  angular  momentum.  Here  y  is  the  reduced  mass  of  the  reactants  and 

b  is  the  Impact  parameter.  The  product  angular  momentum  Is  (2rE|j)  ,  where 

r  Is  the  moment  of  Inertia  of  the  diatomic  product  and  Ej^'  is  its  rotational 
26  27 

energy.  *  The  largest  momentum-allowed  impact  parameter  b„.^  is  then 

rna  X 

2 

given  by  b„,^  -  I'  Eq  „:,^/(iiEy).  The  maximum  rotational  energy  EJ,  reflects 

iTIq  X  K  yiM  Q  X  I  i\  ylnQ  X 
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the  energy  disposal  of  the  reaction.  Here  we  shall  assume  =  sCEy  +  Q) 

where  Q  is  the  reaction  exothermicity  and  8  is  the  fraction  of  the  total 
available  energy  which  is  partitioned  into  rotation,  further  assumed  to  ^'e 

constant.  Noting  that  I'  *  pr^,  where  r  is  the  equilibrium  separation  of  the 

91 

heavy-heavy  product  molecule  i.e.  AtCt,  we  can  derive  a  cross  section 
which  is  restricted  by  angular  momentum: 


aj|.y  increases  with  increasing  Ey  whereas  decreases,  so  that  the  cross 

section  a  reaches  a  maximum  at  a  collisional  energy  E„,„  where 

in  dx 

Emax  = 

Thus 


(j  =0 

=  .d2  (1  -  E^/Ey) 
*  ffr^8  (1  +  Q/Ey) 


Eo  <  <  ^ax 

^max  ^ 


(14) 


Integrating  this  a  over  a  thermal  distribution  of  Ey  yields  a  rate  coef¬ 
ficient  k^i^i  that  reflects  the  influence  of  angular  momentum  conservation: 

Hk„T 


k  (T)  =  k  (T)  -  (  — X 
•^Arr'^  '^SCT^'^  ^  Ttp  ^ 


2  ^  ^max  ■  “0^  2  ^  "max^ 

[nd^  - ^  -  irr^s  - - ]  exp(-E„_/RT).  (15; 


RT 


max 


Qualitatively,  it  may  be  seen  that  if  E„,„  is  close  to  E„  (i.e.,  b  is  small) 

lud  X  Q 

kAf^(T)  will  have  a  similar  temperature  dependence  to  k^(>y(T)  but  a  smaller 
pre-exponential  factor. 

We  have  calculated  k^n^(T)  for  the  reaction  At  +  HCt  using  literature 
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values  of  Q  =  71  kj  moT^  and  r  =  0.213  nm,^  and  find  agreement  to  within  5%  of 
the  experimental  fit  expression  when  =  8.3  kJ  mol"^  and  g  =  0.12.  These 

values  correspond  to  E  =  10.4  kJ  mol"^.  The  value  of  g  is  consistent  with 
an  approximately  linear  transition  state  which  imparts  little  torque  to  the 
departing  AiCt.  By  contrast,  the  reaction  Li  +  HC^  has  a  larger  g  of 
0.3,^^’^^  an  observation  which  is  consistent  with  the  bent  transition  state 
derived  from  ab  initio  calculations.  While  the  particular  values  of  and 
g  for  reaction  (2)  are  best  determined  by  molecular  beam  techniques,  this 
treatment  illustrates  that  kinematic  effects  may  have  a  significant  influence 
on  the  magnitude  of  thermal  rate  coefficients. 

4.2  Aid  Reaction  (3) 

The  measured  pre-exponential  of  reaction  (3),  9.6  x  10“^^  cm^  molecule"^  s"\ 
is  large  compared  to  other  metathesis  reactions  between  diatomic  reactants. 

This  factor,  combined  with  the  low  activation  energy,  is  consistent  with  there 
being  a  harpooning  component  to  the  mechanism;  application  of  the  electron- 

Q  p 

jump  model  used  for  reaction  (1)  with  IP(A)tCt)  =  9.4  eV  yields  a  =  0.092  nm 

p 

at  700  K.  The  experimental  value  is  similar  but  somewhat  smaller,  0.060  nm  . 

We  may  further  view  the  large  pre-exponential  of  k2(T)  in  terms  of  the  reverse 
reaction.  The  equilibrium  constant  is  approximately  2.6  exp(12700  K/T)  over 
the  range  400  to  1000  K,^  which  implies  k_2(T)  -  4  x  10'^^  exp(-13300  K/T). 

This  pre-exponential  factor  is  reasonable  for  an  atomic  metathesis. 

4.3  General  Observations 

Reactions  (1)  through  (3)  have  large  cross  sections  and  are  therefore 
suitable  candidates  for  molecular  beam  studies,  the  results  of  which  could 
permit  a  more  quantitative  collision  theory  interpretation  of  reactions  (2) 
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and  (3).  Further  theoretical  development  is  also  desirable  to  satisfactorily 
describe  these  reactions. 

It  is  interesting  to  compare  k(T)  for  the  and  +  HCji  reactio'is 

to  the  k  =  3.4  X  10"^^  cm^  molecule”^  s"^,  independent  of  temperature  from  300 
to  1700  K,  obtained  for  the  At  +  O2  reaction.^  That  reaction  apparently  goes 
through  an  intermediate  complex,  which  preferentially  dissociates  to  the  origi¬ 
nal  reactants.^ The  positive  temperature  dependence  of  reactions  (1)  and 
(2),  as  well  as  their  larger  pre-exponentials,  indicates  that  no  such  complex 
is  formed  in  these  Ci-transfer  reactions.  Similarly,  k^CT)  may  be  compared  to 
the  k(T)  of  the  AtCt  +  O2  and  AtCt  +  CO2  reactions  of  1.3  x  10  exp(-3400  K/T) 

+  3.4  X  10"^  exp(-16100  K/T)  from  490  to  1750  K^  and  2.5  x  10"^^  exp(-7550  K/T) 
cm^  molecule"^  s"^  from  1175  to  1775  K,^  respectively.  All  three  reactions 
have  positive  temperature  dependences,  but  the  Ci-transfer  reaction  (3)  is,  in 
the  observed  temperature  regime,  more  than  two  orders  of  magnitude  faster  than 
the  other  two  reactions. 
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Summary  of  Rate  Coefficient  Measurements  of  A1  +  Cl,  ♦  A1C1 
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The  measurements  are  reported  in  the  sequence  in  which  they  were  obtained 
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40.3  3.09  1.41  -  9.70  38  1257  6.4c  0.50 

40.7  3.11  1.44  9.24  38  1262  6.84  0.46 
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17.8  2.75  .980  7.82  48  625  5.25  0.41 


m 


O  CO  00 

^  IT) 

•  •  • 

o  o  o 


O  CO  o 

CO  CSJ  fSJ 

•  •  • 

IT)  bn  ^ 


VO 


CO  o 


00  00  00 

^  ^  ^ 


00  00 

•  •  • 


o 

CVJ 


O  O  O  O  o  o 

CSJ  CVJ  CSi  CSJ  *—  r— 


•a 

<u 

c 


o 

0) 

01 

>» 

0) 


bn 

or> 

CO 

• 

• 

• 

<J 

00 

00 

00 

JZ 

bO 

VO 

o 

CO 

VO 

c 

• 

a^ 

o> 

<u 

u 

c 

<LI 

3 

O" 

<u 

i/i 

<v 


CT> 

00 

c 

Ps. 

00 

• 

• 

• 

CSJ 

cvj 

•o 

•M 

o 

a. 

a; 

u 

CL 

iA 

m 

c 

• 

OJ 

m 

E 

m 

0^ 

f-H 

u 

3 

II 

to 

U 

01 

U 

E 

o 

01 

OI 


18 


CO 

CO 

o 

LO 

o 

00 

<Vi 

<N4 

CO 

ir> 

CNJ 

CSJ 

CSJ 

CO 

CSJ 

CSJ 

tvj  CNJ  tSJ  CVl  p—  (— 


so 

o> 

00 

to 

o 

OS 

CO 

VO 

VO 

O 

VO 

OS 

CSJ 

VO 

• 

• 

• 

• 

• 

• 

• 

• 

• 

0 

• 

• 

• 

CSJ 

CSJ 

CO 

CSJ 

CSJ 

CO 

CO 

fO 

CO 

o 

ir> 

o 

CO 

OS 

Ui 

CSJ 

00 

CSJ 

KO 

o 

o 

OS 

o 

o 

ir> 

ir> 

VO 

VO 

VO 

VO 

IT) 

VO 

c** 

r*^ 

OS 

os 

os 

CSJ 

o 

o 

CSJ 

CM 

CO 

CO 

CSJ 

CSJ 

CSJ 

CSJ 

CSJ 

CSJ 

CSJ 

O'. 

CO 

OS 

CO 

CSJ 

OS 

r-* 

VO 

o 

os 

00 

CSJ 

00 

• 

• 

0 

• 

• 

• 

• 

0 

• 

• 

• 

• 

» 

0 

• 

• 

• 

• 

• 

o 

VO 

CO 

CSJ 

rsj 

VO 

o 

CO 

CSJ 

vn 

VO 

OV 

VO 

VO 

VO 

VO 

oc 

CD 

00 

CO 

VO 

US 

US 

US 

Cn. 

vn 

US 

US 

vn 

vn 

OS 

v/> 

CO 

00 

r«* 

vn 

CSJ 

VO 

CSJ 

os 

CO 

VO 

vn 

os 

Cn, 

0 

0 

0 

0 

tn 

us 

o 

CO 

• 

CO 

• 

• 

CSJ 

CO 

us 

CO 

« 

• 

• 

CSJ 

O 

• 

• 

• 

• 

o 

• 

o 

o 

• 

• 

* 

• 

00 

00 

c*-* 

VO 

F— 

OS 

1— 

F— 

os 

vn 

VO 

CSJ 

GC 

o 

CO 

CO 

CO 

CO 

VO 

VO 

CO 

o 

00 

OS 

o 

VO 

VO 

VO 

VO 

CO 

CO 

CSJ 

CSJ 

m 

vn 

vn 

eMC\jcvj<Mknir)co«^o 


I—  F—  I—  CMCMCM^IOlOLD 


OOOOOOOOOOOOOOOCOOOf'JC'JfMt^^^^^ 


CMCM. —  F—  I—  —  CMCSJf—  I—  CMCMPOCM^i —  CMCMf—  i — 


19 


20.6  2.81  4.61  -  33.8  45  707  6.17  0.77 


•9 


ir> 

o 

cn 

m 

oo 

CO 

r*^ 

CO 

m 

CO 

CO 

bD 

CO 

m 

CVJ 

tr) 

Cn. 

bO 

VO 

VO 

CVJ 

CO 

VO 

CO 

uo 

CO 

uo 

CO 

VO 

VO 

ir> 

VO 

CVi 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o^ 

iO 

o 

00 

lO 

*0 

lO 

00 

00 

00 

VO 

O' 

o 

fo*. 

o^ 

UO 

o 

<yv 

00 

00 

LO 

Ov 

CO 

00 

VO 

CSJ 

CM 

CM 

VO 

o 

00 

VO 

CO 

00 

LO 

.75 

o 

iO 

CO 

CJ 

CO 

LO 

CO 

CO 

lO 

vn 

tr> 

LO 

LO 

hs. 

VO 

LO 

CO 

CO 

LO 

1— 

CM 

LO 

vO 

00 

CM 

CSJ 

CM 

CO 

00 

00 

CO 

vn 

CM 

LO 

r“ 

CO 

CO 

CO 

00 

CO 

CO 

CM 

00 

00 

00 

VO 

VO 

VO 

LO 

CO 

CM 

CO 

CM 

CM 

00 

00 

00 

CO 

00 

00 

00 

00 

o 

o 

o 

o 

o 

o 

o 

o 

Cn. 

CO 

00 

1— 

<— 

<Ti 

\o 

VO 

o 

LO 

LO 

f- 

CM 

CM 

CM 

00 

-r«H 

LO 

vn 

LO 

VO 

<>o 

o 

o 

oc? 

Csi 

CO 

a«f 

LO 

CO 

CM 

LO 

LO 

LO 

Lo’ 

LO 

CO 

CO 

CO 

CM 

CM 

CO 

'a* 

CO 

VO 

LO 

CO 

CO 

CO 

CO 

«cr 

00 

00 

CO 

CO 

o 

CM 

VO 

LO 

o 

LO 

00 

LO 

o 

CM 

LO 

00 

a* 

o> 

o> 

o 

CO 

CM 

CO 

CO 

LO 

CM 

o 

LO 

lO 

r— 

a> 

• 

• 

•  ••••••••••••••••••••••OCVJ 


CO 

00 

00 

o 

o 

CO 

CO 

VO 

VO 

LO 

VO 

OV 

CO 

CM 

LO 

CM 

00 

o 

LO 

o^ 

LO 

00 

o 

r«* 

o 

o 

•— 

»— 

Cn. 

00 

OC 

CO 

00 

O' 

o^ 

o 

o 

Ov 

o 

CM 

CM 

CM 

CM 

CM 

CO 

CO 

CO 

CO 

CM 

CM 

CM 

CM 

CO 

CO 

CO 

CO 

VO 

VO 

VO 

r-^ 

CO 

CO 

VO 

LO 

LO 

VO 

O 

o 

VO 

VO 

r*** 

CO 

VO 

LO 

CM 

CO 

CO 

CO 

LO 

o 

o 

o 

CO 

CO 

00 

CO 

00 

00 

o 

o 

o 

o 

o 

o 

CM 

CM 

CM 

CM 

p. 

r*N 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CM 

CM 

o  o 

o 

O 

O 

O 

o  o 

o  o  o 

o 

o 

o 

o  o  o  o 

o 

o 

o  o 

o  o 

O 

^  CM 

CM 

CM 

CM 

CM 

CM 

r—  ^ 

CM 

CM 

^  ^  —  CM 

CM 

CM 

CM  ^ 

CM 

CM 

20 


27.5  6.12  13.3  -92.1  17  433  2.60  0.29 
27.5  6.13  12.9  86.7  17  433  2.46  0.30 
^8.4  4.10  8.07  59.7  26  433  2.41  0.58 
18.4  4.13  8.14  61.0  26  429  2.74  0.36 
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Figure  Captions 

Fig.  1  Rate  coefficient  data  for  the  Ai/Ct2  reaction 

_  Rate  expression  fit  of  the  data  given  In  text. 

Two  standard  deviations  to  the  fit  of  the  rate  expression  as 
described  in  the  text. 

Fig.  2  Rate  coefficient  data  for  the  At/HCt  reaction 

_  Rate  expression  fit  of  the  data  given  In  text. 

-  Two  standard  deviations  to  the  fit  of  the  rate  expression  as 

described  in  the  text. 

Fig.  3  Rate  coefficient  data  for  the  HC1/CI2  reaction 

_  Rate  expression  fit  of  the  data  given  In  text. 

----  Two  standard  deviations  to  the  fit  of  the  rate  expression  as 
described  in  the  text. 
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Figure  3 


